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Type Ia supernovae are widely studied for their uniform properties, which make them ideal
candidates for cosmological surveys. Although these exploding stars are popular targets, key funda-
mental questions about their nature remain, and new techniques need to be developed to investigate
the progenitor system and explosion mechanisms. Light echoes are created by light scattering off
dust that reaches the observer after the direct path light from the explosion arrived and have been
studied for the past 100 years. Light echoes from Type Ia supernovae are rare, with only a few
cases being discovered in the past decades. Because light echoes are ten magnitudes fainter than
maximum light, the high intrinsic luminosity of Type Ia supernovae make them prime candidates
for the search for light echoes. From these studies, the surroundings can be probed, which is critical
for understanding supernovae.
We present the discovery of a light echo from SN 2007af in NGC 5584. Hubble Space
Telescope images taken three years after explosion reveal the existence of two separate echoes; an
outer echo and smeared central region, which we propose as an unresolved inner echo. The sequence
of images, spanning four months, shows the growth of the outer ring, which is consistent with the
expected growth of an echo in that time span with the estimated dust sheet distance. In total,
a dozen images were obtained from the cosmological campaign that focused on observing Cepheid
variable stars for calibration purposes in the F160W, F350LP. F555W, and F814W filters with the
Wide Field Camera 3, and we focus on the latter two filters for our analysis.
Analysis performed on all of the images gives key insight into the environment around SN
2007af. The interstellar material dust sheet that created the outer echo is located ∼800 pc in front
of the supernova. Exploring the color of the echoes gives implications on the dust type. The change
in magnitude between the light echo and the supernova at peak is used to estimate the optical depth
of the dust. A background star or galaxy in the precise spot of the supernova causing the inner echo
ii
is deemed improbable by our investigation. We will present arguments supporting and opposing the
suggestion that the inner echo was produced from circumstellar dust. Finally, the light echo from
SN 2007af is compared with other echoes from Type Ia supernovae.
iii
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Type Ia supernovae have long been used as “standard candles” distance indicators due to
their extreme luminosity and the homogeneity of that luminosity. They have been used extensively
in cosmology, and the 2011 Nobel Prize was awarded for research utilizing Type Ia supernovae to
discover that the Universe is accelerating. Even though they are powerful tools in astronomy, there
are many fundamental properties of the underlying physics that are not fully understood. Differ-
ent progenitor and explosion models have been used to describe these seemingly uniform objects.
Since much of the research in astrophysics depends heavily on Type Ia supernovae, new methods of
studying them in greater detail must be developed.
Light echoes are rare phenomena, where the light from a bright source of light (supernova,
in the case of this thesis) scatters off of dust in the surroundings of the source and reaches the
observer at a later time, due to the extra travel time. These fascinating geometrical events give an
unprecedented view of the surroundings of the source and are effective probes of the environment.
Because of the ability to constrain the progenitor system using light echoes, a clearer picture of
the explosion mechanism can be formed, and some of the fundamental questions surrounding these
mysterious exploding stars can be answered. Light echoes have been studied for over a hundred
years and have become fashionable lately because they have simple, yet elegant applications. The
presence of a light echo affords the opportunity at a second chance to study a supernovae and its
environment.
1
1.1 Type Ia Supernovae
Supernovae are differentiated and classified by their spectra (Branch, 1982; Kirshner et al.,
1973). Type Ia supernovae (SNe Ia) do not show hydrogen or helium lines in their spectra, but
exhibit a strong absorption line of ionized silicon (Si II). Type Ib, Ic, and II are all core-collapse
supernovae of massive stars. Type Ib have no hydrogen lines in their spectra, but have a strong
absorption line of un-ionized helium (He I). They are produced by the core collapse of a massive star
that lost hydrogen from its outer layer. Type Ic supernovae do not have hydrogen or helium lines
in their spectra. They are believed to be produced by the collapse of a massive star which has lost
the hydrogen and helium in its outer layers. The final variety, Type II, show prominent hydrogen
lines and are created from the collapse of a massive star where the outer layers remain intact.
Type Ia supernovae can be further subdivided into three categories: normal, subluminous,
and overluminous, as can be seen in Figure 1.1. There is also a small set that do not fit any mold
and are labeled ‘peculiar’. Overluminous SNe Ia are categorized by being exceptionally bright at
peak and have broad light curves. These SN 1991T-like objects comprise ∼9% of all events. The
subluminous branch are quite dim and feature narrow peaks and are called SN 1991bg-like. They
make up ∼21% of SNe Ia. The peculiar objects, SN 2002cx-like (SN Iax), comprise only ∼5%
(Modjaz et al., 2001). Foley et al. (2013) argues that this percentage could be significantly higher
(∼31%) as they could be too faint to classify as such. These outliers show high ionization spectral
features before peak that resemble overluminous SNe, low-velocity ejecta, and no second maximum
in the near-infrared. Other peculiar SN Ia classes exist, but are beyond the scope of this thesis.
The normal branch of Type Ia supernovae is the most common. The spectra are characterized
by strong lines attributed to singly-ionized intermediate-mass elements (Filippenko, 1997). Their
uniform nature is useful for astrophysics. Studying Type Ia supernovae at late epochs gives insight
into the inner workings of the dying stars.
1.2 Light Curve
Type Ia supernovae light curves are powered by radioactive 56Ni decay (56Ni → 56Co →
56Fe). 56Ni decays through electron capture with a lifetime of τNi = 8.80 days to an excited state
of 56Co, which decays to the ground state, releasing photons in the process (total energy of ∼1.72
MeV). Afterward, 56Co decays with a lifetime of τCo = 111.3 days into an excited state of
56Fe
2
Figure 1.1: The light curves of the various Type Ia supernovae. SN 1998de is a subluminous SN Ia,
SN 1991bg is a peculiar supernova, SN 1989B and SN 1994D are both normal, and SN 1991T is an
overluminous SNe Ia (Modjaz et al., 2001) .
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through electron capture or beta decay. The excited state decays to the ground state through
photon emissions. The decay produces gamma rays (total energy ∼3.7 MeV) and positrons (with an
average energy of 0.632 MeV). The shape of the light curve depends on the trapping of gamma-rays
and the diffusion of that energy to the surface. At first, the light curve is faint, due to the ejecta
being optically thick, and the photons taking a long time to reach the surface. The luminosity grows
as an increasing fraction of photons can escape. The luminosity of Type Is supernovae peaks at 18
days past explosion (corresponding to the average rise-time seen in SNe Ia). 56Co and 56Fe decays
power the decay of the light curve.
SNe Ia are famous for their largely homogenous light curves, which makes them useful
for cosmological studies. A stretch method was developed wherein normal Type Ia supernovae
can actually be elongated to overlay on each other (see Figure 1.2). The method was created to
perform luminosity corrections based on peak width, a useful property for cosmological pursuits.
Subluminous and overluminous SNe Ia subclasses tend to not fit this stretching technique because
of their peculiar nature. As can be seen in the figure, the largest dispersion in the light curves falls
at late times. Exploring the late light curve behavior is interesting both to detect the signature of
the positrons escaping and to also observe the tell-tale signs of a light echo.
1.3 Spectra
The elemental abundances of these stellar explosions can be investigated by modeling a
sequence of spectra. During the near-peak epoch, the spectral energy distribution (SED) of a SN
Ia resembles a hot star and is a blackbody with line blanketing in the ultraviolet. The features
seen in the spectrum are signatures of absorption and emission lines by elements synthesized in the
supernova explosion. The ejecta density and velocity determine the shape of the SED. The spectrum
of a SN gives key details about the progenitor of the system, explosion mechanism, environment,
intrinsic color, and dust reddening (Foley, 2012).
SNe Ia are classified as such by their lack of hydrogen and helium lines and characteristic
silicon features in the spectra (Figure 1.3). The spectra at early times consist of broad troughs and
peaks attributed to neutral and singly ionized intermediate-mass elements, which is due to the high
velocity of the ejecta. The most prominent lines are blueshifted absorption Si II (rest wavelength λ
= 6355Å) and Ca II H&K (λ = 3934Å). Iron-peak elements are also detected at early epochs.
4
Figure 1.2: The light curves of Type Ia supernovae can be modeled by a single parameter (Kim
et al., 1996) .
Once the photosphere recedes into the ejecta, different emission lines of Fe and Co are
present in the spectra. Fe II dominates at ∼2 weeks past maximum, which is evidence of an iron
core in SNe Ia. The spectra at this epoch show evidence of intermediate mass elements, and the
evolution of the lines is gradual as shown in Figure 1.4. The nebular phase of the spectra begins
roughly two months after peak, and forbidden iron and cobalt lines are detected (Filippenko, 1997).
The nebular phase is the perfect time to probe the composition of the core, which directly leads to
analysis of the explosion mechanism. The optically thin nature of the spectra at this time can be
used as a diagnostic tool to study the depths of the supernova ejecta.
SNe Ia light curves are very uniform, and that holds true for their spectra as well. Normal
Type Ia supernovae have very similar spectra (Figure 1.4), and only the anomalously subluminous,
5
Figure 1.3: The spectra of various Type Ia supernovae taken a week after maximum. SN 1991T, SN
2006gz, and SN 2009dc are overluminous SNe Ia, SN 2003du is a normal Type Ia supernovae, and
SN 2005hk is a SN Iax (Taubenberger et al., 2011).
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Figure 1.4: The time evolution of Type Ia supernova SN 1994D in days relative to B maximum.
Late spectra are compared to normal SN1987L and clearly shows the uniform nature of spectra in
SNe Ia (Filippenko, 1997) .
overluminous, and peculiar SNe Ia differ from the standard template. Studying late-epoch spectra
is important not only to understand the nebular phase, which can constrain the interior of the
core, but also to give the unique opportunity to search and confirm the presence of a light echo.
Since light echoes are produced from peak light scattered off intervening dust, the signature of the
time-integrated peak-light spectrum can be matched to the light echo spectrum. This topic will be
further examined in Chapter 2, and an example of this technique can be viewed in Figure 2.4.
1.4 Progenitor
Type Ia supernovae are extensively used as tools, but many of their fundamental proper-
ties remain mysteries. Understanding the progenitor system for SNe Ia is of utmost importance
to maintain the accuracy of cosmological calculations. There are two leading theories as to how
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these stars explode: single-degenerate scenario (SD) and double-degenerate scenario (DD). The SD
scenario comprises a white dwarf star in a binary system with a red giant, main sequence star, or
subgiant that donates mass onto the white dwarf, which leads to the explosion. The companion in
the second case is another white dwarf. The SD scenario is widely accepted in the literature, but
there is growing evidence that supports the double-degenerate theory. More analysis needs to be
performed and better techniques must be discovered to be able to solve this mystery.
1.4.1 Single-Degenerate Scenario
The single-degenerate scenario for SNe Ia begins with the accretion onto a carbon-oxygen
white dwarf (WD) from a non-degenerate companion that approaches the unstable Chandrasekhar
mass (1.44M), whereupon the system triggers a thermonuclear runaway explosion. The carbon
ignites under degenerate conditions and produces nuclear energy output of ∼1051ergs. The explosion
leads to the complete destruction of the white dwarf. The companion star, most likely a red giant
or main sequence star, will survive the blast and show distinguishing characteristics (Bianco et al.,
2011).
A variety of different techniques have been used to search for definitive proof of the single-
degenerate scenario in SNe Ia. A search for the companion star of the WD for SN 1572 (Tycho’s
supernova) was published in 2004. The central region of the location of the supernova was extensively
probed for companion candidates, and a G0-G2, solar-type star was discovered with three times
the mean velocity of similar stars in the region. Ruiz-Lapuente et al. (2004) proposed that this
was, in fact, the elusive companion star, and the peculiar velocity was proof of the kick from the
explosion. Lu et al. (2011) tried to detect the stripped envelope of the companion in the Tycho
supernova remnant (SNR). They proposed the existence of an X-ray arc deep inside the SNR, which
was created from the interaction between the companion star’s envelope lost in the explosion and
the ejecta. Their analysis revealed a shadow cast by the X-ray arc opposite of the location of
the explosion, which they concluded as proof of the SN ejecta being shielded by the companion’s
envelope, supporting the SD origin of Tycho’s SN.
The struggle to conclusively locate the companion star exists because most SNe Ia discovered
each year are too far away from Earth for their environments to be searched. SN 1572 exploded
in our galaxy, which makes it an excellent target, but the supernova exploded hundreds of years
ago. Luckily, the recent supernova, SN 2011fe, was the closest and brightest SN Ia in the past 25
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years, exploding in the Pinwheel galaxy (d = 6.4 Mpc). Nugent et al. (2011) reported that the
progenitor system of SN 2011fe was most likely a carbon-oxygen white dwarf with a main sequence
star companion from the lack of evidence of shocked circumstellar emission detected.
Another technique for confirming the SD model is to detect hydrogen in the nebular spectra.
Because the mass accreting onto the WD is hydrogen-rich, simulations have predicted the presence
of low-velocity Hα emission in late-time spectra, where the companion’s envelope interacts with
the ejecta. This type of analysis was conducted by Leonard (2007), but no hydrogen was detected
for SN 2005am and SN 2005cf. Hydrodynamic simulations of the hydrogen and helium stripped
from the companion star was conducted by Marietta et al. (2000). They explored the systems with
a hydrogen-rich main sequence, subgiant, and red giant companion. Their analysis showed the
aftermath of the explosion and the effects on the companion star. Hα emission has been detected
in a small number of cases, like peculiar SN 2002ic, where strong emission revealed a large quantity
of circumstellar material (Hamuy et al., 2003).
Light echoes from circumstellar environments have also been used as proof of the SD sce-
nario. A circumstellar component light echo has been proposed for SN 1998bu, SN 2006X, SN
2009ig, and now, SN 2007af. Since circumstellar components of Type Ia supernovae are extremely
rare (only ∼1% of total discoveries show significant circumstellar emission), these results are still
controversial. The circumstellar material is theorized as “arising from the transfer of matter to the
WD by its non-degenerate binary companion” (Blondin et al., 2009). If these light echoes are from
circumstellar material, then light echoes could be an extremely effective tool to help us understand
the mechanism(s) behind SNe Ia.
A recent technique of searching for time variance in spectral lines of supernovae as a probe
for circumstellar material has produced some interesting results. Patat et al. (2007) reported the
time variation seen in SN 2006X. The spectral evolution of the Na D doublet lines with constant
Ca II absorption lines was interpreted as the result of changes in the circumstellar ionization condi-
tions from the variable SN radiation field. The circumstellar material was found to have expansion
velocities consistent with being ejected from the progenitor system and a strong indication that SN
2006X came from a SD scenario. Another case published by Simon et al. (2009) found the same
anomalous behavior in the spectra of SN 2007le, and the low reddening (E(B – V) = 0.27 mag)
supports circumstellar rather than interstellar absorption. Both of these cases and the findings of
this analysis on SN 2007af will be further examined in Section 4.3.4.
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Single-degenerate progenitor models have also been linked to certain subclasses of SNe Ia.
Recent studies have suggested that some SD Type Ia supernovae exceeded the Chandrasekhar mass
limit before exploding, and are called Super-Chandrasekhar mass Type Ia supernovae (Chen and Li,
2009; Hachisu et al., 2012). However, other reports claim that Super-Chandrasekhar SNe Ia are a
result of merging white dwarfs, showing the unclear origin of these supernovae (Taubenberger et al.,
2013). A slight variation on the SD model is the recurrent nova progenitor system (Hachisu and
Kato, 2001). Recurrent novae are systems with a massive white dwarf, which has an outburst every
10 – 100 years. Since the white dwarf is near the Chandrasekhar mass already, the mass accreted
during the nova outbursts is able to create the necessary conditions for a SN Ia.
1.4.2 Double-Degenerate Scenario
The second model for the progenitor system of Type Ia supernovae is a binary system
comprised of two carbon-oxygen white dwarfs that merge due to gravitational radiation and again,
approach the Chandrasekhar mass, which leads to the explosion. In this double-degenerate scenario,
no companion star will remain (Webbink, 1984). The binary periods must be shorter than ∼13
hours to allow the merger to take place within a Hubble time. The lower mass white dwarf fills its
Roche lobe, which forms a disk around the primary WD. Both scenarios explode due to the mass
of the system approaching the Chandrasekhar limit, which causes the homogeneity seen in the light
curves and spectra of SN Ia and is the reason a distinction between the two is difficult to obtain
(Livio, 2001).
Hydrodynamic simulations of the proposed theory were undertaken, but initial attempts
failed to explode or produced core-collapse supernovae. Some teams focused on modeling double-
degenerate progenitor model explosions to create subluminous Type Ia supernovae. Raskin et al.
(2009) simulated the collision between two 0.6M white dwarfs, and found that with impact pa-
rameters less than half the radius of the WD, the result is the production of ∼0.4 M56Ni, which is
consistent with observational abundances in subluminous SNe Ia. Another simulation was conducted
to try to explain the abnormal subluminous SN 1991bg with the merger of two equal-mass white
dwarfs. The results matched the red color and low expansion velocities produced by the subluminous
explosion, but had a broader light curve (Pakmor et al., 2010).
Population synthesis arguments point in favor of the double-degenerate scenario. Popu-
lation synthesis predicts around an order of magnitude more double-degenerate explosions than
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single-degenerate, and is consistent with the observed supernova rate (roughly 10−3 yr−1 events for
populations that are ∼108 years old and 10−4 yr−1 events for populations that are ∼1010 years old
(Livio, 2001)). However, this trend has not been proved from observations.
Spectral analysis has also been used to constrain the progenitor of SNe Ia and investigate
the mass of the white dwarf and the asymmetric nature of the explosion. Simulating sub- and
super-Chandrasekhar white dwarfs reproduced features observed in abnormal Type Ia supernovae,
reaffirming the notion that similar explosion mechanisms can produce the diversity seen in SNe Ia
(Mazzali et al., 2007). Other studies have discussed the implications of the DD scenario on the shock
breakout and spectral features differences from the SD case (Fryer et al., 2010).
With so little definitive evidence of a particular progenitor model matching the observations
of Type Ia supernovae and their subclasses, the mystery persists. Light echoes can be used to probe
the surrounding environment of supernovae and may give key insight into the explosion. We must
discover cunning methods to determine SN properties, and light echoes allow an unparalleled glimpse
into the depths of a supernova.
1.5 Importance of SNe Ia to Astronomy
The homogenous nature of Type Ia supernovae has been widely investigated and makes
them prime candidates to use as “standard candles”. A useful property of SNe Ia light curves is
that the faster the supernova fades, the fainter it was at maximum, and brighter supernovae have
broader light curves. This relationship was explored by Perlmutter et al. (1997) and was used to
stretch the template of the light curve to fit all normal Type Ia supernovae (see Figure 1.2). Phillips
(1993) labeled the parameter, ∆m15(B), which quantifies the change in B magnitude from peak to
15 days later. The light curve shape and luminosity relationship was further extrapolated using the
color evolution of the supernova to measure dust absorption. From this information, distances to
the host galaxy could be determined, which led to the construction of the Hubble diagram (Hamuy
et al., 1995; Riess et al., 1996). Over the years, these properties have been extensively utilized and
resulted in the 2011 Nobel Prize in Physics on the discovery that the Universe is accelerating (Riess
et al., 1998; Perlmutter et al., 1999).
The accelerating universe can only be explained with the mysterious energy component
called “dark energy”, which Type Ia supernovae can also be used to constrain. The small dispersion
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Figure 1.5: Multi Light Curve Shape Method (MLCS) Hubble Diagram made with high- and low-
redshift SNe Ia. Different cosmological density parameters are fitted to the data (Riess et al., 1998)
.
in intrinsic luminosities of SNe Ia make them unparalleled candidates in calculating the vacuum
energy component. As can be seen in Figure 1.5, the cosmic densities contributed by matter, Ωm,
and the cosmological constant, ΩΛ, can be easily inferred by matching the models to the observational
data. For reliable results, large samples of high-redshift SNe Ia are necessary.
It is clear that the puzzling uniform nature and explosion mechanisms of Type Ia supernovae
make them worthwhile objects to study not only to decipher, but they also have major implications
on the fundamentals of our own universe. The discussion of the importance of light echoes from
Type Ia supernovae can be found in section 2.4.
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1.6 Late-time Behavior
Late epoch observations of Type Ia supernovae are crucial for their understanding. At
these optically thin times, the supernova ejecta has expanded allowing gamma rays to escape. The
deposition of the kinetic energy of positrons fuels the tail-end of the light curve. Milne et al. (1999)
reported that the number of positrons that escape the ejecta is dependent on the magnetic field.
From the fraction of positrons being trapped, a magnetic field configuration can be determined.
At >200 days after peak, the positron energy deposition is mostly comprised of slowing positrons
from the interactions with bound and free electrons in the supernova ejecta. Multiple groups have
exclusively studied SNe Ia at late times to detect if positrons escape the ejecta or are trapped and
annihilated in the ejecta. This is accomplished by comparing the decay products with the observed
light curves and spectra and simulations of the energy deposition rate (Lair et al., 2006). The power
from the positrons has to be studied by following supernovae in optical and near-infrared (NIR)
wavelengths. The optical and NIR bolometric light curves seem to match positron trapping. The
contribution from the NIR to the overall light curve is of particular interest, and this analysis was
completed on SN 2003hv (see Figure 1.6). The thorough investigation can only be accomplished by
studying supernovae to very late times and illustrates its usefulness (for a more detailed discussion,
see Bryngelson 2012, PhD thesis, Clemson University).
Late epochs are of significant interest in the hunt for light echoes. At early times, the
supernovae are too bright to be able to detect a light echo. Thus, their evolution must be tracked
in order to detect when the light echo “turns on”. Typical light echoes are 10 magnitudes fainter
than the supernova was at maximum, and therefore, can only begin to be differentiated from the
supernova during the latter part of the nebular phase. Light echoes have been detected thousands
of years after the explosion of the supernova (e.g. SN 1572), so there is no time constraint on when
they may appear. Unfortunately, only supernovae in our own galaxy can be detected at such late
epochs, but there have been instances of light echoes detected tens of years after explosion in other
galaxies (e.g. SN 1987A). The distance to the host galaxy and the time constraint are the main
hurdles. Spectroscopically, it is equally complicated to find a light echo at early times. The slow
evolution of supernovae spectra as outlined in Section 1.3 makes it impossible to disentangle a light
echo spectrum from the nebular spectrum. However, at later nebular epochs, the signatures of a
light echo can be detected.
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Figure 1.6: Upper panel: UVOIR light curve of SN 2003hv out to late times. The red line is
the model tracing the radioactive decay energy deposition of 56Co in the interval of +60 and 700
days past maximum. The linear fit from 300 – 700 days past maximum matches the slope of the
expected decay time of 56Co, shown by the dashed line, where the positron energy was deposited
instantaneously. Lower panel: NIR contribution of the UVOIR light curve (Leloudas et al., 2009).
Clearly, Type Ia supernovae can be used in a variety of applications for understanding key
aspects in astrophysics. Their homogeneity in light curves and spectra make them invaluable as
“standard candles” for cosmology. Although the progenitor system(s) for SNe Ia is not yet been
fully understood, new techniques, such as circumstellar light echoes, are paving the way for increased
understanding. Continued observations at late times are vital for uncovering the fundamental nature




After the explosion of a supernovae, or any other bright event, light can scatter off interstellar
or circumstellar dust in the surroundings and reach the observer at a delayed time due to the extra
distance traveled. This phenomenon is called a light echo (LE). Only under suitable conditions can
echoes be captured in images. Light echoes have been detected in novae, variable stars, gamma-ray
bursts, supernova remnants, Type II and Type Ia supernovae, but in a century of studying them,
only two dozen cases have been discovered. Type Ia supernova light echoes are the most luminous,
and they can be used to reveal the nature of the explosion. We need to further our studies of these
rare rings of scattered light to optimize their use.
2.1 Geometry
The pioneering work of Couderc (1939) showed that a dust sheet produces a circular ring
echo with the source at the center, independent of the inclination of the sheet. A dust inclination
not perpendicular to the line of sight will simply shift the source off-center, which is small compared
to the astrometric accuracy. Rather, the distance from the dust to the supernova, combined with
the time delay (t), determines the angular radius (θ) of the light echo ring. The width of the ring
depends on the thickness of the dust and the duration of the explosive event, which is approximated
by a delta function. Assuming the dust thickness and the duration to be small, the distance d from
the dust to the SN can be calculated by the equation 2.1. The formula can be derived simply by
using the geometry of the light echo. The perpendicular to the line of sight distance of the dust
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sheet, b = Dθ, in the small angle approximation, where D is the distance from the supernova to the
observer. From the triangle and Pythagorean Theorem, (d + ct)2 = b2 + d2 (see Figure 2.1. Solving





Figure 2.1: The geometry of a light echo, where the dust sheet is shown in orange. The perpendicular
distance, distance from the dust to the supernova (located at the focus of the paraboloid, and the
scattering angle, θ, are labeled on the plot.
The initial light from a supernova reaches the observer by the direct route. Afterward,
the surface of an ellipsoid exists, whereupon if the dust intersects that surface, a light echo will be
produced. There is a delay in time recorded because the scattered light travels a longer path to reach
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the observer. The geometry of light echoes fixes the ellipsoid with the supernova and the observer
at the two foci. Every light echo has its own unique orientation on the ellipsoid, which offers its
own view of the supernova’s environment. This ellipsoid can be approximated by a paraboloid since
the distance to the supernova is much greater than the distance from the supernova to the dust
(see Figure 2.2). The light echo rings grow in time with increasing time delay and may intersect
further dust patches, which makes them ideal in characterizing the environment. Multiple rings can
be detected from multiple dust sheets, as in the case for SN 1987A (Rest et al., 2005).
Figure 2.2: Time-delay paraboloid of a light echo (Patat, 2005).
2.2 Detections
Light echoes are not limited to simply supernovae. The first light echo to be detected
came from Nova Persei 1901 (Ritchey, 1901a,b, 1902). Since this was long before light echoes were
fully understood, the explanation of the images came much later. Kapteyn (1901) hypothesized
the possibility of a light echo, but the trailblazing work to correctly confirm the interpretation was
published nearly four decades later (Couderc, 1939). Galactic Nova Sagittarii 1936 also exhibited
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a light echo (Swope, 1940). In 1971, Galactic Cepheid RS Puppis had nebulosity detected, which
was interpreted as a light echo (Havlen, 1972). Next came V838 Monocerotis, a variable eruptive
star that was discovered in early 2002, and an impressive light echo was featured shortly after an
eruption in Hubble Space Telescope (HST ) images (Bond et al., 2003). V838 Mon revealed some
of the most breathtaking images of the evolution of a light echo that was followed for years (see
Figure 2.3). X-ray echoes have even been observed from gamma-ray bursts due to scattering off
galactic dust (Vaughan et al., 2004).
Figure 2.3: The spectacular images captured by HST showing the evolution of the light echo detected
from V838 Monocerotis (Bond et al., 2003).
Light echoes have also been associated with young stars. Ortiz et al. (2010) published results
on the observation of multiple scattered light echoes of two young variable stars, T Tauri star S CrA
and Herbig Ae/Be star R CrA. The most recent light echo detection comes from recurrent nova T
Pyxidis (Sokoloski et al., 2013). From the echo observed in HST images taken in 2011, a distance
to the nova of 4.8 ± 0.5 kpc was able to be determined.
Type II supernovae have also produced light echoes, mostly from supernovae occurring in
nearby galaxies. SN 1993J in M81 (d = 3.6 Mpc) created a light echo 8 years after explosion
discovered in HST images. The distance to the dust sheet was determined to be ∼220 pc away
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from the supernova and ∼50 pc thick (Liu et al., 2003). SN 1987A was the most famous light echo
detection and most widely studied, due to its nearby host galaxy (the Large Magellanic Cloud, which
is only 50 kpc away). The LE featured a bright series of rings, and from their analysis, key properties
like geometry, distribution, and composition of the circumstellar medium for SN 1987A were able to
be determined (Lundqvist and Fransson, 1991). Not only that, but because of the proximity of the
supernova, an accurate distance to the host galaxy was able to be obtained using the light echo, and
the stellar wind history of the progenitor was estimated (Panagia et al., 1991). The normal Type
II SN 1999ev in SBab galaxy NGC 4274 (d = 15.1 Mpc) exhibited a circular artifact in late-epoch
images, which was interpreted as a light echo (Van Dyk et al., 2003; Maund and Smartt, 2005). SN
2003gd in M74 (d = 9.3 Mpc) also showed signatures of a light echo, and analysis revealed the dust
sheet to be ∼180 pc in front of the supernova and 60 – 120 pc thick (Sugerman, 2005).
Recently, Sugerman et al. (2012) reported the prolonged study of SN 1980K from 2004
– 2010, with a minimal change in evolution, which was attributed to scattered and thermal light
echoes produced by circumstellar material. Type II-P SN 2004et, in NGC 6946 (d = 5.9 Mpc), was
also reported to have a light echo (Otsuka et al., 2012). Miller et al. (2010) published results of
evidence for echoes in overluminous core-collapse SN 2006gy. Two years post-explosion, the decline
rate slowed, and a NIR excess was attributed to large amounts of dust, which caused the echo. A
light echo was the explanation for the abnormal late-time behavior of Type II SN 2006bc (Gallagher
et al., 2011). SN 2007it, a Type II-P supernova, revealed a light echo after the luminosity faded
(Andrews et al., 2011). The most recent Type-II light echo discovery comes from Van Dyk (2013)
from SN 2008bk. Similar to the discovery of the light echo in this thesis, SN 2008bk was detected in
archival HST images and analyzed in the V and I filters. Interstellar material located ∼15 pc away
from the supernova created the echo.
Infrared (IR) echoes have also been detected from supernovae. Unlike the simple scattering
that produces optical echoes, IR echoes are a result of thermal emission by dust heated by the super-
nova explosion. Dust absorbs the light, warming it up, and then re-radiates at longer wavelengths.
Type II-P supernova, SN 2002hh, showed some interesting behavior nearly a year after explosion
that was attributed to an IR echo in the JHK bands, and the mid-IR flux was shown to have
declined from 590 to 994 days (Pozzo et al., 2006; Meikle et al., 2006). SN 2002ic, a peculiar Type
Ia/IIn, exhibited a near-infrared excess, which was the first IR echo detected in a Type Ia supernova,
albeit a contested classification (Kotak et al., 2004).
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Many teams have tried to search for light echoes, but failed. Systematic hunts have been
undertaken for the past 60 years. One of the first searches was completed by Van den Bergh (1977)
for novae light echoes. Even though no light echoes were detected from the seven galactic novae
by the 1.2m Schmidt telescope located in the Polomar Mountains, this introduced a new precedent
for future astronomers. Another search for LEs in novae, but this time, using a CCD camera, was
unable to resolve any echoes (Schaefer, 1988). Boffi et al. (1999) investigated 64 historical supernovae
to detect nebulosity. They looked at patches of optical emission at the site of each supernova for
determining the presence of a LE, but found most to have a broad color distribution consistent with
stellar population colors. Bluer patches were seen, but none as extreme as the V – R measured from
SN 1991T. Another unsuccessful attempt was made by Romaniello et al. (2005), which used FORS1
at the ESO VLT to look for light echoes in imaging polarimetry from SN 1923A, SN 1945B, SN
1950B, and SN 1957D; four supernovae in spiral galaxy M83.
Historical supernovae were first, unsuccessfully, probed for light echoes by Van den Bergh
(1966). Tycho, Cas A, and Kepler were photographed with the 48-inch Schmidt in blue and red
filters, but nebulosity was not observed. Rest et al. (2005) pioneered the method and success of
studying historical supernovae by subtracting images of the LMC and searching for arclets. Three
echo arclets were discovered, and extrapolating back to the position of the sources, they were found
to come from 400 – 900 yr old supernova remnants. Because light echoes have signatures of peak
light in their spectra, they can be used to classify these historical objects, and one of these remnants
originated from an overluminous SN Ia. Tycho (see Figure 2.6) was classified as a normal Type
Ia supernova by comparing its late-time spectra to supernovae template spectra (Rest et al., 2008;
Badenes et al., 2008). Cas A also exhibited an echo, and the classification as a core-collapse supernova
was reaffirmed (Rest et al., 2008). One of the most brilliant binary stars in the Milky Way, η Carinae,
exploded in what was called the “Great Eruption” in the 1800s. Light echoes from the outburst were
detected by Rest et al. (2012), and the LE spectra was typical of G2-G5 supergiants. Because of the
close proximity of this supernova (2.3 kpc), many physical parameters were able to be uncovered
from studying the associated light echoes.
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2.3 Light Echoes in SNe Ia
The typical number density of dust particles (10 cm−3) that scatter the light to create light
echoes corresponds to an integrated brightness of about ten magnitudes fainter than at peak light
(Patat, 2005). Due to their high intrinsic luminosity, Type Ia supernovae light echoes should be
easier to find, in principle. However, only several cases have been detected in practice. SN 1991T
was the first SN Ia with a light echo discovery. The overluminous supernova in NGC 4527 was
extensively studied and followed to more than 1000 days past maximum, which was the longest
continued study of a SN Ia at that time. At 600 days, the exponential fade of the light curve ceased,
and at 750 days, the supernova emitted a considerable amount of its flux blueward of 4500Å. Several
of the Fe lines appeared narrower and blueshifted. The supernova was found to be ∼9 magnitudes
fainter than at peak (which is significantly brighter than it should have been at that epoch). The
echo spectrum was compared to the time-integrated, intensity-weighted spectrum, which was created
from “weighting each spectrum of SN 1991T with its V magnitude and interpolating between spectra
to give uniform time coverage” (Schmidt et al., 1994). Figure 2.4 shows the excellent agreement
between the composite and echo spectra, which is the tell-tale sign of an echo detection
Figure 2.4: Comparison of the light echo and the time-integrated, intensity-weighted spectrum of
SN 1991T. The agreement strengthens the argument of a light echo discovery (Schmidt et al., 1994).
The next light echo detected from a SN Ia was from SN 1998bu in NGC 3368. At 500
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days post maximum, the light curve flattened, while the spectrum morphed from nebular to a bluer
continuum, which showed characteristics of peak light. This light echo was also discovered due to
the further monitoring of the supernova during its nebular phase, which strengthens the need for
further monitoring of supernovae to late times (Cappellaro et al., 2001). Just like in the light echo
featured in this thesis, SN 1998bu had two components discovered in HST images at 762 days past
maximum. The outer echo dust sheet was calculated to be ∼120 pc in front of the supernova, and
the inner echo was created from dust < 10 pc (Garnavich et al., 2001), which could have been caused
by circumstellar material from the progenitor system.
SN 1995E in NGC 2441 was the next to be detected by Quinn et al. (2006). Using images
from Hubble Space Telescope, they were able to resolve an echo 6.5 years after maximum. The
discovery of the LE from SN 1995E was serendipitously found from an HST archival search. This
team used the geometry of light echoes to determine the distance of the dust to be 207 ± 35 pc
in front of the supernova. The angular radius of the echo was estimated to be 0′′.12 ± 0′′.03. SN
2006X in M100 was the next Type Ia supernova to exhibit an echo at late-times. At 300 days
after maximum, HST images detected a broadening associated with nebulosity of the source in the
radial profile analysis and point-spread function subtraction methods. A faint ring-like structure
was visible after subtraction. The angular radius was difficult to estimate because of the resolution
of the images, which created some dispersion in the results, but the team concluded the dust to be
at a distance 27 – 120 pc away from the supernova (Wang et al., 2008).
SN 2009ig, the brightest SN Ia in 2009, was extensively observed at late times with the
Large Binocular Telescope (LBT). At 800 days after maximum, the light curve flattened, due to the
presence of a light echo. Because of its low host dust extinction, and normal nature at peak, the
detection of a light echo was unforeseen. At B peak, B – V = 0.18 ± 0.06 mag, while the color
of the light echo was B – V = -0.21 ± 0.06 mag after Milky Way reddening correction. Analysis
suggests the dust forming the echo could have been from circumstellar material. The explanation of
the extreme color evolution and the odds of a light echo being produced from an environment with
low extinction will be conducted by Peter Garnavich, Peter Milne, Mark Leising, Ginger Bryngelson,
and myself in the near future.
Light echoes are not limited to recent supernovae. Zwicky (1940) was the first to propose
studying historical supernovae using light echoes. Rest et al. (2008) reported the detection of echo
ringlets from historical supernova SN 1572, also called Tycho’s supernova (Rest et al., 2008). Spectra
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Figure 2.5: Characteristic flattening of the late light curves of SN 1991T and SN 1998bu, suggesting
the presence of a light echo. The circles are measurements by the Cappellaro team, and the triangles
are data taken from the literature. The solid line is the normal V band decline, while the dashed
line is the fit of the late behavior (Cappellaro et al., 2001).
taken of the echo revealed that SN 1572 was a Type Ia supernova, answering a question that was
not possible in the days of Tycho Brahe. Tycho Brahe saw one of only two naked eye supernovae
observed in our galaxy in the last millennium and labeled it as a“new star”. This fortuitous event
helped revolutionize astronomy, and with the detection of a light echo in modern time, SN 1572 is
still furthering our understanding.
2.4 Importance of Light Echoes
Even though light echoes are quite rare, the knowledge gained from each detection about
the source is unparalleled. The study of these rings gives a snapshot of the source’s surroundings,
and furthering the analysis and understanding of these objects is key to optimizing the knowledge
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gained.
Sparks (1994) suggested that LEs could be used to determine the distances to galaxies.
Because this method is geometrical and does not depend on any assumptions, it is increasingly
attractive. From the diameter of the ring of maximum linear polarization of the echo, the distance
to the supernova can be calculated. “The maximum degree of polarization for likely scattering
functions occurs for 90◦, and a circle of highly polarized light would be observable at a metric radius
of ct.” The angular radius of the light echo could then be used to obtain the distance to the galaxy.
D = ct/φo, where D is the distance to the galaxy, and φo is the angular radius of the light echo.
In principle, this technique is very simple and powerful. Unfortunately, in practice, the polarization
of light echoes can be difficult to ascertain. For SN 2007af, the 90◦ echo would have a very small
angular radius and be indistinguishable from the inner echo.
Light echoes can be used to determine dust properties of the source. The 3-D distribution
of scattering material can be mapped. The distance from the object to the dust sheet can be
found simply from the geometry. By knowing the distance between the dust and the supernova,
a determination can be made if the interstellar or circumstellar environment caused the LE. As a
result, the mass loss history and the progenitor system can be investigated. Because they reveal the
dusty nature of the surroundings, light echoes can also be used to probe the suggested association of
some SNe Ia with star-forming regions, and therefore, the young nature of the progenitors (Patat,
2005).
As mentioned in section 2.2, light echoes can even be used to classify historical supernovae
that exploded long before the invention of the telescope. Spectra of light echoes can be matched
to early epoch data. Light echoes scatter the peak light, which enables the ability to compare a
spectrum taken of a light echo to the light-curve weighted integration of the spectrum at individual
epochs. This technique has already been tested with the confirmation of the classifications of Cas
A and SN 1572 (Krause et al., 2008). For the first time ever, historical supernovae can be classified
(see Figure 2.6). Matching the late and early spectra can also be used to confirm the presence
of a light echo. The spectrum of a light echo was first accomplished by the valiant effort of a 35
hour exposure to confirm the diagnosis of an echo (Ritchey, 1902). Sometimes, the late light curve
suggests the presence of a light echo, but care must be given to exclude other causes for an apparent
excess (Milne and Wells, 2003), so spectra at late epochs are needed to definitively conclude if an
echo is present.
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Figure 2.6: The comparison of spectra taken from the light echo of Tycho to other normal Type Ia
supernovae. Clearly, SN 1572, belonged to this group, which demonstrates the powerful utility of
light echoes (Krause et al., 2008).
3D spectroscopy can also be performed from studying light echoes. “LEs offer the exciting
opportunity to obtain spectra of the original source event from different lines of sight” (Rest et al.,
2012). If the source of the light echo scattered light from multiple dust patches, the supernova can
be mapped from different directions. Because of the unique viewing angle light echoes provide, they
can be used to study the asymmetry of the supernova photosphere (Rest et al., 2011). Motohara
et al. (2006) used NIR observations to determine the asymmetric properties of SNe Ia. At late times,
the ejecta becomes optically thin, allowing a view of the inner regions (which is also a prime time for
finding echoes). However, late-time NIR analysis requires 8 – 10m telescopes. Joint efforts should
be undertaken to optimize results.
The light curves of supernovae have also been shown to be affected by light echoes. Patat
(2005) modeled with Monte Carlo simulations the effect of light echoes on the luminosity of super-
novae, which also broadened the light curve width. With a number of overluminous and peculiar
SNe Ia being discovered each year, perhaps light echoes or dust could cause these deviations from the
normal branch. Dust can be directly detected from early epoch observations using spectral fitting.
The detection of a significant amount of dust increases the likelihood of finding a light echo at late
epochs (e.g. SN 2006X). However, many instances of light echoes discovered serendipitously were
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not found in highly reddened galaxies (i.e. SN 2009ig). Conversely, other highly reddened super-
novae did not show evidence of a light echo in late observations, like SN 1998es, which reinforces




SN 2007af was the target of many photometric campaigns due to its discovery at an early
epoch. Ultraviolet, near infrared, and optical photometry were performed on this normal Type Ia
supernova by a variety of teams and telescopes. Low- and high-resolution spectroscopy were also
obtained to confirm the normal nature of SN 2007af and to search for the presence of circumstellar
material. Its separation from the dusty center of the SABcd host galaxy and bright nature provided
an ideal scenario for study. Late-time observations will be discussed in detail in Section 4.2, and the
full light curve, including light echo epochs, can be found in Figure 4.11. This chapter discusses the
methods and techniques used in observing SN 2007af and the reduction processes used. Early light
curves and analysis will also be presented.
3.1 Carnegie
The Carnegie Supernova Project (CSP) was an observational survey that lasted five years
and was performed at Las Campanas Observatory located in Chile. Light curves of ∼100 low redshift
SNe Ia were obtained. The primary telescope used for observations was the Henrietta Swope 1m
telescope equipped with a direct imaging CCD camera and near-IR imager, RetroCam. The du
Pont 2.5m telescope equipped with the Wide Field IR Camera and direct optical imager, Tek 5,
was commissioned to take subtraction images of the host galaxies a year post- supernova to improve
the quality of the photometry and minimize galaxy contamination. Photometry was calculated
differentially using local stars and photometric standard stars for calibration (Stritzinger et al.,
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2011). Optical photometry (BV and u′g′r′i) was performed using the standard Landolt (Landolt,
1992) and Smith standards (Smith et al., 2002), and NIR photometry (JHK) was obtained using
the standard Persson system (Persson et al., 1998). SN 2007af photometry taken from CSP can be
found in Table 3.1 for optical wavelengths and Table 3.2 for near-infrared. One of the most widely
studied objects in the survey, SN 2007af had 28 optical and 26 NIR observation. Local standards
were observed on 3 observing nights in optical wavelengths and 12 epochs for NIR. ∆m15(B) =
1.115 ± 0.06 mag was derived from the light curve. All uncertainties are in units of 0.001 mag unless
specified otherwise.
Table 3.1: Optical Photometry from CSP
JD (days) u B V g r i
2454165.2694 14.670(008) 14.071(006) 14.034(006) 13.991(011) 13.969(009) 14.223(006)
2454166.2812 14.432(009) 13.889(006) 13.856(005) 13.826(007) 13.800(005) 14.049(006)
2454169.2953 14.031(008) 13.478(006) 13.445(006) 13.404(006) 13.422(006) 13.736(008)
2454170.2999 13.960(008) 13.407(007) 13.367(008) 13.333(006) 13.362(007) 13.694(008)
2454171.3083 ... 13.345(007) 13.299(008) ... 13.299(007) 13.679(011)
2454172.3047 ... 13.300(009) 13.242(008) ... 13.263(008) 13.697(011)
2454174.3322 13.943(009) 13.280(007) 13.210(009) 13.187(007) 13.228(008) 13.764(010)
2454178.2605 14.209(008) 13.425(008) ... 13.284(008) 13.228(007) 13.900(009)
2454179.3186 14.334(009) 13.487(006) 13.254(008) 13.329(008) 13.282(008) 13.961(010)
2454181.2972 14.562(009) 13.632(006) 13.323(007) 13.426(007) 13.369(008) 14.052(010)
2454182.2713 14.685(009) 13.716(008) 13.353(008) 13.493(008) 13.422(011) 14.134(010)
2454185.3080 15.065(009) 14.022(006) 13.524(007) 13.715(006) 13.653(006) 14.383(006)
2454190.2587 15.730(009) 14.607(007) 13.849(006) 14.181(006) 13.882(005) 14.442(006)
2454194.2834 16.218(012) 15.063(006) 14.102(008) 14.560(007) 13.961(006) 14.349(008)
2454197.2785 16.551(013) 15.334(006) 14.270(007) 14.840(006) 14.035(006) 14.303(009)
2454199.2238 16.689(014) 15.497(007) 14.374(009) 14.998(007) 14.091(007) 14.287(008)
2454202.3186 16.902(012) 15.737(008) 14.571(008) 15.260(008) 14.227(007) 14.315(008)
2454204.3332 17.038(014) 15.875(008) 14.720(007) ... 14.360(009) 14.406(010)
2454207.2471 17.206(015) 16.044(009) 14.929(008) 15.598(008) 14.592(008) 14.632(010)
2454211.2671 17.362(017) 16.240(008) 15.153(007) 15.794(006) 14.857(006) 14.905(006)
2454213.2320 17.417(018) 16.308(009) 15.240(008) 15.867(008) 14.942(007) 15.014(009)
2454218.2470 17.565(018) 16.443(007) 15.406(006) 16.015(006) 15.151(005) 15.272(006)
2454224.2656 17.656(027) 16.549(010) 15.580(007) 16.132(008) 15.360(007) 15.505(009)
2454226.2972 ... 16.595(009) 15.637(007) 16.168(007) 15.421(006) 15.598(007)
2454231.2712 ... 16.662(008) 15.747(006) 16.252(006) 15.588(006) 15.779(006)
2454239.1864 18.003(023) 16.792(009) 15.941(007) 16.370(006) 15.845(006) 16.055(007)
2454246.1585 18.167(023) 16.869(007) 16.110(007) 16.480(006) 16.053(006) 16.295(008)
2454256.1793 18.296(038) 17.009(008) 16.350(006) 16.630(005) 16.384(005) 16.638(007)
Even though optical observations are the focus of this thesis, the NIR magnitudes are stated
here for background purposes and because the one image we have from HST , where the echo is not
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detected, is in the H filter. These optical and NIR observations are mentioned because CSP was a
major survey that routinely observed SN 2007af in its early-epochs, but will not be included in the
final light curve, due to overcrowding.
Table 3.2: NIR Photometry from CSP
JD - 2400000(days) Y J H K
54162.2434 14.648(018) 14.585(012) 14.489(034) ...
54164.3044 14.159(008) 14.093(022) 14.055(030) ...
54167.3101 13.683(022) 13.624(011) 13.710(016) ...
54168.3283 13.636(011) 13.532(013) 13.683(025) ...
54169.2953 13.581(005) 13.479(003) 13.628(006) 13.520(022)
54170.2999 13.568(003) 13.459(009) 13.625(004) 13.498(010)
54171.3083 13.590(004) 13.469(003) 13.650(020) 13.502(011)
54172.3047 13.646(006) 13.489 (008) 13.690(004) 13.511(011)
54175.2854 13.895(016) 13.727(017) 13.863(027) ...
54180.2698 14.217(004) 14.166(007) 14.000(019) ...
54183.2586 14.377(009) 14.671(013) 14.070(028) ...
54189.2947 14.254(004) 15.139(018) 13.938(008) ...
54193.2414 14.024(011) 15.048(010) 13.849(020) ...
54196.2697 13.861(005) 14.939(010) 13.802(021) ...
54205.2184 13.502(017) 14.636(010) 13.940(016) ...
54208.2621 13.680(016) 14.883(033) 14.142(027) ...
54217.2094 14.180(029) 15.654(038) 14.633030) ...
54223.2550 14.492(011) ... ... ...
54228.2243 14.776(007) 16.407(018) 15.075(051) ...
54230.2985 14.860(009) 16.608(029) ... ...
54233.1784 15.052(007) 16.803(037) 15.286(025) ...
54238.1812 15.307(008) 16.968(031) 15.453(042) ...
54244.1755 15.594(008) 17.445(049) 15.722(032) ...
54247.1679 15.744(010) 17.618(074) 15.916(037) ...
54255.1862 16.166(008) 18.002(033) 16.252(012) 16.140(041)
54257.1945 16.209(013) 18.247(119) 16.223(057) ...
3.2 CfA3
The Harvard-Smithsonian Center for Astrophysics (CfA) observational survey’s aim was to
create a large network of homogeneously observed and reduced Type Ia supernovae to be used for
constraining uncertainties in their application to cosmology. Four data releases have been published
to date, and we focus on the third installment, which included a collection of 185 multiband optical
light curves from supernovae discovered from 2001 – 2008. The publication covers over 11,500
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observations and is the largest sampled data release.
Photometry was completed differentially by calibrating the field with comparison stars on
photometric nights and comparing the flux of the supernova to the local stars. Galaxy subtraction
was conducted after the supernova faded to strengthen the accuracy of the photometry. Reduction
and subtraction of the images were completed using a format of ESSENCE and SuperMACHO
pipeline specific to the CfA3 data. The single-chip CCD Keplercam was the main instrument utilized
for observing SN 2007af on the 1.2m telescope at the F. L. Whipple Observatory and is equipped
with a Fairchild CCD 486. The data was read out on four 2048 x 2048 pixel amplifiers. Amplifier 2
always contained the target location, and in the bin-by-2 mode, the pixel scale was 0.′′672 pixel−1,
which corresponded to a field of view of ∼11′.5 x 11′.5. The Harris BV and SDSS r′i′ filters were
used. A liquid leak in the CuSO4 cell of the U filter accounts for the lack of U filter observations
for SN 2007af (Hicken et al., 2009).
Bias subtraction, flat fielding using dome flats, and cosmic-ray removal were the first steps
of the reduction process. The images were aligned and centered on the SN position, and DoPHOT
cataloged the field star positions. The preferred catalog to locate field stars was UCAC2. DoPHOT
utilizes a parametrized point-spread function (PSF) model, which fit the PSF shape of the data.
Calibration and photometry of the stars was performed using Smith (Smith et al., 2002) and Landolt
(Landolt, 1992). The BV r′i′ passbands were also synthesized for the Keplercam by combining the
primary and secondary mirror reflectives, the filter transmissions, and the quantum efficiencies
(Hicken et al., 2009).
SN 2007af was an easy target, due to its ability to outshine its host galaxy. The close
match between unsubtracted and galaxy subtracted images (see Figure 3.1) show not only the low
extinction, but also the success of the pipeline. Table 3.5 shows the ∆m15 values and the change in
time (∆t) between the closest point before and after maximum light in B and V filters.
Table 3.3: CfA3 Light Curve Properties of SN 2007af
∆m15(B) ∆m15(V) ∆t(B)(days) ∆t(V) (days)
1.2 ± 0.05 0.65 ± 0.03 2.04 0.94
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Figure 3.1: The comparison of V -band unsubtracted and subtracted images of SN 2007af. The
plot clearly shows the excellent agreement (most to within 0.01 mag) of the two, showing minimal
background contamination (Hicken et al., 2009).
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Table 3.4: Optical Photometry from CfA3










































Table 3.5: Optical Photometry from CfA3 Continued






























The 0.76m Katzman Automated Imaging Telescope (KAIT) and the 1m Nickel telescope
at Lick Observatory on Mt. Hamilton photometrically tracked SN 2007af for four months post
discovery. The location in San Jose, CA has an average seeing of ∼2′′. Although its primary
objective is to discover new SNe, KAIT also follows those discovered by other telescopes. KAIT is
a robotic telescope, which operates via software. A supernova target is observed after an observer
sends in a request file with the coordinates of the SN and a nearby guide star. Standard observing
runs have an exposure time of six minutes for B and five minutes each for V RI. A cadence of 2 –
3 days is employed. KAIT is equipped with a Ritchey-Chrétien mirror with a focal ratio of f/8.2.
The CCD is an Apogee back-illuminated chip or 512 x 512 pixels, enabling KAIT with a 6′.7 x 6′.7
field of view. Standard broadband filters BV RI were used for the observations. The Nickel 1m is a
Ritchey-Chrétien telescope, and the primary mirror has a focal ratio of f/5.3. The Loral CCD chip
is 2048 x 2048 pixels, and the 1m has a field of view of 6′.3 x 6′.3 (Ganeshalingam et al., 2010).
The raw images were bias subtracted and twilight-sky flatfield corrected automatically at the
telescope, and cosmic rays were removed in the cosmicrays procedure in DAOPHOT in IRAF (Gane-
shalingam et al., 2010). Point spread function photometry was performed using the DAOPHOT
package. Photometry was calculated using standard stars in the Landolt system (Landolt, 1992) at
different airmasses, which were calibrated on five nights with KAIT and the Nickel 1m telescope
(Simon et al., 2007).
Figure 3.2: Light curves of SN 2007af taken from Simon et al. (2007) showing KAIT observations
extending out to four months after discovery.
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Table 3.6: Optical Photometry from KAIT
JD - 2000000(days) B V R I
54162.5 14.943(010) 14.783(010) 14.597(010) 14.591(010)
54169.5 13.453(016) 13.466(013) 13.305(029) 13.386(019)
54171.4 13.350(010) 13.363(010) 13.221(010) 13.346(010)
54174.5 13.278(010) 13.204(010) 13.177(010) 13.355(010)
54175.5 13.297(012) 13.235(010) 13.137(010) 13.405(010)
54177.4 13.395(010) 13.264(010) 13.186(010) 13.495(010)
54181.4 13.653(010) 13.339(010) 13.336(010) 13.670(010)
54183.4 13.832(010) 13.426(010) 13.483(010) 13.831(010)
54185.4 13.977(015) 13.584(012) 13.560(010) 13.887(014)
54188.4 14.428(010) 13.747(010) 13.793(010) 13.982(010)
54190.4 14.686(010) 13.913(010) 13.849(010) 13.959(015)
54198.4 15.493(052) 14.259(017) 13.961(015) 13.810(032)
54201.4 15.691(021) 14.518(036) 14.098(024) ...
54207.4 16.168(013) 14.917(012) 14.467(010) 14.126(012)
54211.4 16.284(011) 15.093(010) 14.724(010) 14.386(010)
54214.4 16.418(012) 15.252(010) 14.907(010) 14.610(010)
54217.4 16.429 (016) 15.336(010) 14.994(010) 14.712(010)
54225.4 16.596(026) 15.576(012) 15.279(010) 15.107(011)
54228.4 16.683(016) 15.624(011) 15.389(010) 15.259(011)
54231.4 16.714(015) 15.691(010) 15.461(010) 15.382(010)
54234.4 16.753(018) 15.832(012) 15.541(010) 15.507(017)
54239.3 16.804(019) 15.965(014) 15.703(013) 15.700(017)
54244.3 16.905(019) 16.061(012) 15.919(011) 15.970(025)
54253.3 17.027(018) 16.304(018) 16.191(015) 16.372(034)
54258.3 17.119(022) 16.413(013) 16.355(011) 16.561(049)
54264.3 17.150(015) 16.564(010) 16.542(016) 16.751(034)
54267.3 17.269(020) 16.640(014) 16.647(015) 16.820(054)
54268.3 17.183(023) 16.683(015) 16.651(020) 16.921(099)
54273.2 17.292(024) 16.782(013) 16.836(020) 17.008(046)
54278.2 17.299(110) 16.945(084) ... ...
54283.2 17.421(021) 16.998(016) 17.112(021) 17.358(065)
54288.2 17.485(024) 17.151(018) 17.269(021) 17.576(057)
54293.2 17.582(029) 17.244(017) 17.434(036) 17.591(050)
54298.2 17.723(046) 17.321(041) 17.502(057) 18.051(265)
54306.2 17.723(042) 17.593(027) 17.806(037) 17.985(100)
54311.2 17.883(059) 17.596(037) 17.799 (043) 18.204(145)
54316.2 17.832(032) 17.712(040) 18.088(040) 18.253(128)
54321.2 18.028(046) 17.8549038) 18.257(065) 18.347(162)
54326.2 18.033(054) 17.917(036) 18.456(088) 18.620(230)
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3.4 Steward Observatory
Collaboration with Peter Milne at the University of Arizona gives us access to the Steward
Observatory telescopes. SN 2007af was monitored with the Montreal 4K Imager on the 1.5m Kuiper
telescope and the 90Prime Imager on the 2.3m Bok telescope. The 61′′ Kuiper telescope is located on
Mount Bigelow in the Catalina Mountains. The Mont 4K optical imager is equipped with a Fairchild
4000 x 4000 CCD, giving the telescope a 9′.7 x 9′.7 field of view. The telescope features a primary
focal ratio of f/4 and f/13.5 Cassegrain focus, with typical seeing of 1 – 2′′. The Bok telescope uses a
f/9 Ritchey-Chrétien Cassegrain focus. The optical instrument used on this telescope, the 90Prime,
is a prime focus, wide-field imager, which utilizes a mosaic array of four 4000 x 4000 pixel CCDs.
The camera allows an imaging area of 1.0 square degrees. Photometry was performed using Landolt
standard stars (Landolt, 1992), and the images were reduced using standard IRAF procedures.
Table 3.7: Optical Photometry from Steward Observatory
JD (days) B err(B) V err(V) R err(R) I err(I)
2454208.9 ... ... ... ... 14.231 0.001 14.582 ...
2454229.5 16.5728 ... 15.7327 0.002 15.035 0.003 15.528 ...
2454230.5 16.6418 0.004 15.7712 0.002 15.129 0.002 15.6301 0.005
2454231.5 16.5518 0.003 15.7831 0.002 15.144 0.003 ... ...
2454246.5 16.7678 0.004 16.1283 0.002 15.544 ... ... ...
2454257.5 17.0378 0.025 16.3656 0.003 15.890 0.006 16.6521 0.011
2454481.5 20.0548 0.073 20.0601 0.036 20.848 ... ... ...
2454509.5 ... ... 20.7645 0.040 20.490 ... ... ...
2454539.5 ... ... 20.8214 0.065 21.073 0.118 ... ...
2454540.5 ... ... 20.7600 0.030 ... ... 20.810 ...
2454562.5 20.7468 0.058 21.5435 0.076 21.1921 0.125 ... ...
2454908.5 21.5298 0.126 22.7861 0.138 ... ... ... ...
2455320.5 21.6968 0.137 ... ... 22.2995 0.152 ... ...
3.5 Swift UVOT
Ultraviolet observations are important because they can be put together with optical and
near infrared observations to produce a bolometric light curve. Low redshift (z ≤ 0.02) supernovae
are observed by the Swift Ultraviolet/Optical Telescope (UVOT) using a Target of Opportunity
(ToO) program, which allows for flexibility and immediate response to a newly discovered supernova
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or gamma-ray burst. Type Ia supernovae peak in UV typically right before optical wavelengths,
while the brightness decays rapidly, then flattens out from the radioactive decay of nickel and cobalt
(Brown et al., 2009).
Table 3.8: Swift UVOT Filter Specifications
Filter λcentral (Å) FWHM (Å) Zero Point (mag)
b 4392 975 19.11 ± 0.016
v 5468 769 17.89 ± 0.013
u 3465 785 18.34 ± 0.03
UVW1 2600 693 17.49 ± 0.03
UVM2 2246 498 16.92 ± 0.03
UVW2 1928 657 17.35 ± 0.03
Table 3.9: UV Decay Rates of SN 2007af
UVW1 Range UVM2 Range UVW2 Range
11.7 1.5 11.0 1.0 11.7 0.2
SN 2007af was observed with Swift UVOT and the X-Ray Telescope. Full UV-optical light
curves were obtained, and the Swift UVOT filter characteristics can be found in Table 3.8 (Brown
et al., 2009). UVW1 has a spectral range of 181 – 321nm, UVM2 is 166 – 268nm, and UVW2
covers 112 – 264nm. The magnitudes are not extinction corrected, and errors are approximately 0.1
mag each. The colors observed by Swift UVOT are consistent with previously observed young SNe
Ia. Simultaneously, observations were taken with the 4.9ks Swift XRT, and no X-ray source was
detected (Immler et al., 2007).
3.6 Low- and High-Resolution Spectroscopy
Low-resolution spectroscopy was taken of SN 2007af using the Kast spectrograph on the
Shane 3m telescope at Lick Observatory on 2007 March 13, April 10, and June 14. The spectra
were reduced using normal IRAF channels. Spectroscopically, as evident in Figure 3.3, SN 2007af
was categorized as a normal Type Ia supernova. The results of these observations will be further
discussed in Section 4.3.4.
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Figure 3.3: Weighted spectrum of normal SN 1981B (red) compared to the low-resolution spectrum
of SN 2007af pre-maximum (black). Their excellent overlap confirms the normal nature of SN 2007af.
A +27 day past maximum epoch (teal) is also plotted (Simon et al., 2007).
High-resolution spectroscopy was obtained using the ARCES echelle spectrograph on the
ARC 3.5m telescope at Apache Point Observatory on 2007 March 10. Two 1440s exposures (3200 –
10,000Å) with a spectral resolution of R ≈ 33,000 and signal-to-noise ratio of 36/pix. The spectra
were reduced using the ECHELLE package in IRAF. The Hobby-Eberly Telescope was also used
to take high-resolution spectra of SN 2007af on 2007 March 31. The spectral resolution was R ≈
30,000, 2′′ diameter fiber, and a grating centered at 6948Å. The spectral range was 5095 – 8860Å.
Four spectra of total exposure time 3100s had a combined signal-to-noise ratio of 87/pix. Lastly,
the HIRES spectrograph on the Keck I telescope was commissioned to take spectra on 2007 April
7. The spectral range covered 3150 – 6000Å. One 900s spectrum was taken with a 7.′′0 X 0.′′861
slit with a spectral resolution of R ≈ 48,000. The signal-to-noise ratio was 74/pix. The data was




SN 2007af was a normal Type Ia supernova located in NGC 5584 at α = 14h22m21.03s,
and δ = −0◦23′37.6′′. Because it was detected nearly two weeks before maximum, it was exten-
sively observed photometrically with the Katzman Automated Imaging Telescope (KAIT) and other
telescopes, as discussed in Chapter 3. This supernova comprises a small set of SNe Ia that were dis-
covered at an epoch considerably pre-maximum. SN 2007af wad observed regularly at early epochs
and fortuitously observed as part of a cosmological Cepheid study at late times (∼1000 days past
maximum) with the Hubble Space Telescope. Upon analyzing these images, we were notified of an
echo at the location of the supernova. Subsequent analysis identified the presence of multiple light
echoes. The outer echo is a ring which grows with time, and the inner echo features a broadened
full-width half-maximum compared to local field stars and could possibly be produced from the
circumstellar environment.
4.1 Discovery
SN 2007af was discovered by K. Itagaki on 2007 March 1.84 (UT dates) well before maxi-
mum. At 15.4 magnitude, it was one of the brightest SNe Ia in 2007. The location of the supernova
40′′ west and 22′′ south offset from the center of the host galaxy, put it well beyond the dusty central
region, which made for an excellent position for studying. The discovery image was taken with a
0.60m f/5.7 reflector telescope. NGC 5584, an Scd galaxy with a recession velocity of 1638 km
s−1, was also the host to SN 1996aq, a Type Ic supernova (Koribalski et al. 2004). The supernova
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was quickly categorized by its spectrum take on 2007 March 4.34 as a normal Type Ia supernova
(Salgado et al., 2007).
Figure 4.1: Discovery image of SN 2007af in NGC 5584 in the constellation Virgo (Nakano and
Itagaki, 2007).
4.2 Late-Time Observations with Hubble Space Telescope
The usefulness of Type Ia supernovae for cosmology has already been discussed in sec-
tion 1.5. Although high-redshift SNe Ia have been used to show that the Universe is accelerating,
low-redshift supernovae are vital in determining the most accurate measurement of Ho, the present
expansion rate. Constraining the expansion rate is essential to probe the geometry of space, dark
energy, fundamental characteristics of neutrinos, and the age of the Universe. The most exact mea-
surements of the Hubble constant are performed by using the Hubble Space Telescope to observe
Cepheid variable stars in the host galaxies of low-redshift Type Ia supernovae, whose luminosity is
calibrated with parallax and Main Sequence fitting, two nearby rungs of the distance ladder. The
peak luminosity of SNe Ia needs to be calibrated using Cepheids to correct the distance scale of the
Universe in deriving the Hubble constant.
40
The “Supernovae and Ho for the Equation of State” (SH0ES) project began operations
during HST Cycle 15, with the aim to measure the expansion rate to more than 5% precision using
SNe Ia and Cepheids. The Wide Field Camera 3 (WFC3) was installed and began taking images
in Cycle 17. The SH0ES program was created to improve on the systematic error in calibrating the
luminosities of SNe Ia. Type Ia supernovae chosen for this cosmological study had to fit the following
criteria: modern photometric data (e.g. CCD), have observations before peak, low reddening (AV
< 0.5 mag), spectroscopically classified as normal, and optical observations of Cepheid variables in
the host galaxy of the SN had to be made with HST (Riess et al., 2011). Cepheid variables have the
unique property that their absolute magnitude is directly related to their period of variability. From
measuring the magnitude they appear (called the apparent magnitude) a distance can be determined
using the distance modulus equation. This makes them especially powerful for cosmology.
NGC 5584, the host galaxy of SN 2007af, was discovered to have a wealth of Cepheids
(see Figure 4.2) in HST Cycle 17 and was observed with the Wide Field Camera 3 (WFC3). Over
250 Cepheid variable stars were observed from this galaxy alone. NGC 5584 was observed in the
F160W (wide H), F350LP (unfiltered long pass), F555W (wide V ), and F814W (wide I) filters
from January to April 2010, three years after the explosion of the supernova. The composite image
was created from stacking multiple exposures in three filters. The F350LP filter transmits the most
visible light, and was colored white. The yellow/green filter, F555W, was colored blue, and the near
infrared F814W filter was colored red. The individual exposures were 400 – 700s in length with total
exposure time equaling 4926s. Integer and half-pixel dithering was enabled between exposures to
strengthen the point spread function (PSF). The total field of view was 2.4′ across.
The team developed an automated pipeline to calibrate the WFC3 images. First, they were
put through the STScI (Space Science Telescope Institute) calwf3 pipeline in the STDAS routines
in PyRAF to subtract the bias and darks and remove any stray cosmic rays. Pixel-to-pixel flat
fielding was also performed. Some anomalous depressions in the flux covering ∼1% of the image
area were corrected for in the flat fielding routine. These are due to spotting on the surface of
the WFC3 Channel Select Mechanism. The individual exposures were combined to create a master
image using multidrizzle. Corrections were made to account for geometric distortions in the camera.
The positions of Cepheids was performed by comparing the F814W and F160W images and deriving
geometric transformations. The photometry was accomplished with algorithms that used PSF fitting
to model the surrounding areas of the Cepheids (Riess et al., 2011).
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Figure 4.2: HST images of NGC 5584 showing the locations of the Cepheid variable stars. Red
circles are stars with period (P) > 60 days, blue circles have 30 days < P < 60 days, and green
circles have 10 days < P< 30 days. The location of SN 2007af (left of the center of the galaxy) is
marked with a yellow circle (Riess et al., 2011).
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Figure 4.3: The host galaxies observed by HST to accurately measure the Hubble constant in the
various cycles. NGC 5584 was observed in Cycle 17 with the WFC3 in the F555W, F814W, and
F160W filters taken from Riess et al. (2011).
4.3 Light Echo
Upon analyzing the HST images, we were contacted by Adam Riess on the anomaly observed
at the location of SN 2007af. These observations were made ∼1000 days post explosion, well past
the normal decay time of a Type Ia supernova. To put this into perspective, we made ground-based
observations at the same epoch with Steward Observatory to obtain subtraction images of the host
galaxy. Instead, we received further confirmation of a light echo from SN 2007af. The epoch of these
observations is long after the supernova light faded away from view (the predicted V magnitude is
∼31 – 32 mag), and yet, there is a distinct component at the location of the supernova, which we
propose as a light echo.
This SN Ia light echo is quite unique since the observing team was searching for the variabil-
ity in the Cepheid stars, they took successive HST images in successive months. Therefore, instead
of just having a snapshot of a light echo, we actually have images that show the time evolution of
the echo ring over the span of four months, which is a rare opportunity for SNe Ia light echoes.
We also have multiple images in multiple filters, which allows for more room for investigating the
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surroundings and properties of the supernova. Even more astonishing is that the light echo has
an anomalous central component, which could be a secondary light echo formed by circumstellar
material. If true, the discovery would be direct evidence of a single degenerate progenitor for SN
2007af.
4.3.1 Time Evolution
The geometry of light echoes (as previously discussed in Section 2.1) predicts a ring to be
formed with the supernova explosion site located at the center. This ring will grow with time.
Observationally, an evolving echo has been difficult to observe in certain cases. Most SN Ia light
echo detections are unresolved optical excesses, where even the ring is difficult to see. Only with
extensive manipulation and point spread function subtraction are the light echoes visible. This is
due to a few factors: the brightness of the supernovae at peak, the distance to the host galaxy, and
the caliber of the telescope being used for the late-time observations. Because of its prime location
in the LMC, Type II SN 1987A was the best case of an echo and showed an impressive multiple ring
evolution, which was followed from 1996 – 2002.
The Cepheid campaign began in January 2010, 2.8 years after the supernova peaked. Twelve
images were taken in four filters, with the light echoes detectable in all but the IR filter (see Fig-
ure 4.12). For wavelengths larger than the dust grain size, an echo will not be produced. In each
of the remaining filters, growth of the outer echo is clearly seen. F814W images were only taken in
February and March, and those are shown in Figure 4.4. The faintness of the March observation is
especially evident and made for difficulties in the calculations. The evolution of the echoes in the
F350LP from January – April, 2010 is shown in Figure 4.5. The sequence for F555W can be found
in Figure 4.6. The inner echo is more difficult to evaluate due to the smearing of the point spread
function and shows only a slight growth.
Figure 4.7 illustrates how the angular radius of the inner and outer echoes was determined.
First, the angular diameter was found in pixels and converted to arcseconds using WFC3 optical
parameters (0.04′′/pixel) and finally, converted to angular radius. The angular radii measurements
for the outer (θOE) and inner echoes (θIE) can be found in Table 4.1 for the F350LP filter, Table 4.2
for F555W, and Table 4.3 for F814W. The θIE? column refers to the inner echo radii measurements
after point spread function subtraction. Because the inner echo light is smeared due to its unresolved
nature, PSF subtraction must be completed to find the intrinsic angular radius. To do this, the PSF
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of local stars of similar counts was found in each filter and subtracted from the inner echo angular
radii values (θIE
2 - PSF2 = θIE?
2). The outer radii measurements of the first two filters have a 0.03′′
uncertainty, while the inner echo radii measurements have a 0.02′′ uncertainty. Since the F814W
images are the faintest and most difficult to measure, the uncertainty of the inner and outer echo
width increases to 0.04′′.
Figure 4.4: Time evolution of the light echo from SN 2007af in the F814W filter. The left panel is
the February image, and the right panel is the March observation. The faint echoes are nestled in
the center of the green circles. These echoes are much more difficult to detect since the I filter is
not as efficient in scattering as optical wavelengths.
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Figure 4.5: Time evolution of the light echo from SN 2007af in the F350LP filter. Upper left panel
is the observation taken in January 2010, upper right is February 2010, bottom left is March 2010,
and bottom right is the observation from April 2010. The sequence of images shows the outer ring
(center of green circle) clearly growing with longer time delay. The bright central region located at
the center of the ring is a secondary light echo.
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Figure 4.6: Time evolution of the light echo from SN 2007af in the F555W filter. Upper left panel
is the observation taken in January 2010, upper right is February 2010, bottom left is March 2010,
and bottom right is the observation from April 2010. The sequence of images shows the outer ring
(center of green circle) clearly growing with longer time delay. The bright central region located at
the center of the ring is a secondary light echo.
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Because light echoes are faint and are hard to distinguish from the background (especially in
the I images), there is a fair amount of uncertainty associated with simply counting how many pixels
correspond to the echo width. To better constrain the values, the measurements were determined
using the ellipse annulus region feature in ds9. This fit an elliptical annulus to the outer echo, and
the inner circle was resized to determine the radius of the inner echo. The region information tab
stated the angular radius automatically (in whichever units specified) and also the coordinates of
the center of the annulus in the image. An example of this process is displayed in Figure 4.8. Not
only did this task allow for a more accurate determination of the angular radius, but it also clearly
showed that both of the echoes were centered on the same position. This center is located at a
right ascension difference of 0.03s and declination difference of 0.6′′ from the supernova location.
This is further confirmation that our detections are two separate light echoes from SN 2007af. The
World Coordinate System (WCS) of the HST images were as downloaded, and no effort was made
to improve the WCS determination.
Figure 4.7: Illustration of how to determine the angular radius (θ) for the inner (IE) and outer
echoes (OE).
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Figure 4.8: Using the ellipse annulus region shape in ds9 to constrain the inner and outer angular
radii in the February F814W image.





2010-01-08 0.32 0.11 0.09
2010-02-06 0.33 0.12 0.11
2010-03-01 0.35 0.12 0.11
2010-04-09 0.36 0.12 0.11





2010-01-08 0.32 0.11 0.09
2010-02-05 0.33 0.11 0.09
2010-02-17 0.33 0.12 0.11
2010-03-01 0.35 0.12 0.11
2010-04-09 0.36 0.13 0.12





2010-02-06 0.33 0.11 0.09
2010-03-08 0.35 0.11 0.09
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4.3.2 Light Echo Magnitude
Performing photometry on the light echoes had its own series of challenges due to the
crowded field of our galaxy, artifacts, and the difficulty in differentiating between the inner and outer
echoes. After several unsuccessful attempts at using conventional methods to complete aperture
photometry, a creative solution was necessary. An analysis software called Chandra Interactive
Analysis of Observations (CIAO) was used on our images. CIAO works alongside imaging and
visualization application, ds9 (Fruscione et al., 2006). The software package was originally created
for the analysis of images from the Chandra X-ray Observatory, but is flexible enough to be utilized
for more general purposes.
One of the many features in CIAO is the counts tool, which summates the counts within a
specified region (see Figure 4.9). From this and the HST header information, a magnitude for the
source can be estimated. The photometric parameters provided in the header for the images are in
Table 4.4. The exposure times for the different filters are listed but not needed for the calculation.
From the headers, the PHOTZPT and the PHOTFLAM values are extracted. PHOTFLAM is the
mean flux density that produces one count per second in the observing mode of HST. The PHOTZPT
is the zero point of standard magnitude scale, which is -21.1, so that Vega has a standard magnitude
of zero in the Johnson V passband.
Table 4.4: HST Photometry Parameters




The method of using CIAO to estimate the counts in a specific inner and outer region is
illustrated in Figure 4.10. The inner green circle’s counts were summed to estimate the magnitude
of the inner echo. The outer echo ring was more of a challenge because it suffered contamination
from the inner echo (especially in the January and February images, where there is less separation
between the two echoes) and two artifacts (which are most likely foreground stars), which needed to
be subtracted. Thus, the outer ring magnitude is slightly underestimated from oversubtraction. The
count measurements are shown in Table 4.5. Note that the units for counts is electrons per second.
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The last two columns are the counts with background subtraction included. These values were then
used to calculate the magnitudes. Because of the uncertainty in the angular radii values (refer to
Section 4.3.1), the count values were also subject to uncertainty. The inner and outer echo count
values for the F350LP and F555W all had ∼10% uncertainty. The uncertainty for the F814W counts
jumps to ∼15%. To convert from counts to magnitude for each filter, the HST header information
and count results were combined using equation 4.1. The uncertainty in the magnitude for the outer
echoes are 0.05 mag and 0.1 mag for the inner echoes for F350LP and F555W. The uncertainties
are 0.1 mag and 0.2 mag, respectively, for F814W.
m = −2.5log(PHOTFLAM ∗ counts) + PHOTZPT (4.1)
Figure 4.9: Using the counts feature in CIAO to determine the summation of the counts within a
region (marked by a green circle) to estimate the magnitude of a source in the April F555W image.
The magnitudes of the inner and outer echoes by filter and date are listed in Table 4.6. If
the bright spots in the outer echoes are not foreground stars, the magnitudes of the echoes become
0.1 mag brighter in each filter. Including background subtraction made the magnitude of the outer
echoes 0.3 mag fainter and 0.1 mag fainter for the inner echoes. The ∆m values are the differences
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Figure 4.10: The summation of the counts in the inner circular region was used to estimate the
magnitude of the inner echo. For the magnitude of the outer echo ring, the counts of the inner
circle and two anomalous regions (red circles) were subtracted from the outer circle. This method
is shown for the February F350LP image.
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Table 4.5: Light Echo Counts
Filter Date CountsOE CountsIE CountsOE? CountsIE?
F350LP 2010-01-08 13.322 5.965 12.739 5.783
F350LP 2010-02-06 13.390 5.576 12.619 5.378
F350LP 2010-03-01 13.500 5.365 12.862 5.152
F350LP 2010-04-09 13.301 5.629 12.385 5.323
F555W 2010-01-08 4.225 2.706 4.083 2.673
F555W 2010-02-05 3.992 2.418 3.641 2.358
F555W 2010-02-17 4.226 2.512 3.965 2.471
F555W 2010-03-01 4.008 2.765 3.716 2.713
F555W 2010-04-09 4.550 2.476 4.260 2.413
F814W 2010-02-06 2.069 0.317 1.730 0.181
F814W 2010-03-08 2.198 0.340 1.914 0.286
Table 4.6: Light Echo Magnitudes
Filter Date MagnitudeOE ∆mOE MagnitudeIE ∆mIE
F350LP 2010-01-08 24.344 ... 25.202 ...
F350LP 2010-02-06 24.355 ... 25.280 ...
F350LP 2010-03-01 24.334 ... 25.326 ...
F350LP 2010-04-09 24.365 ... 25.292 ...
F555W 2010-01-08 24.191 11.382 24.651 11.842
F555W 2010-02-05 24.317 11.508 24.787 11.978
F555W 2010-02-17 24.223 11.414 24.736 11.927
F555W 2010-03-01 24.296 11.487 24.634 11.825
F555W 2010-04-09 24.145 11.336 24.714 11.905
F814W 2010-02-06 25.356 12.196 27.805 14.645
F814W 2010-03-08 25.246 12.086 27.310 14.150
Table 4.7: Light Echo Total Magnitude
Filter JD (days) MagnitudeOE MagnitudeIE Total Magnitude ∆m
F555W 2455205.35 24.190 24.651 23.645 10.846
F555W 2455233.44 24.317 24.787 23.775 10.966
F555W 2455244.37 24.223 24.736 23.697 10.888
F555W 2455255.23 24.296 24.634 23.700 10.891
F555W 2455295.96 24.145 24.714 23.640 10.831
F814W 2455233.57 25.356 27.805 25.248 12.088
F814W 2455263.82 25.246 27.310 25.095 11.935
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between the light echo and peak magnitude values, which have been corrected for reddening effects.
Since F350LP is a long pass filter, no maximum value exists for the calculation. To be able to include
the light echo epochs to the full light curve of SN 2007af, the total magnitude must be considered.
The ground-based observations would not be able to resolve the two separate components. So, to be
able to compare the light echo magnitudes with earlier epochs, the combined result must be used.
The addition of the magnitudes can be accomplished using equation 4.2, and the results can be
found in Table 4.7.
2.512−mf = 2.512−mOE + 2.512−mIE (4.2)
The interesting thing to note is the magnitude difference between the inner and outer echoes
(see Table 4.7). For the F555W filter, there is only a ∼0.5 mag difference between the outer and inner
echo values. However, for the F814W band, this number leaps to ∼2.1 mag. Even with the lower
sensitivity in the I filter, this noticeable change is quite alarming. This behavior seems strange for
two light echoes created in the same manner, which could suggest a different method for producing
the inner echo (possibly even circumstellar). The full BV RI light curve of SN 2007af including our
late combined magnitude HST observations (filled diamonds) can be seen in Figure 4.11. Steward
observations in BV RI are the filled circles, and the early data was taken from CfA3 (Hicken et al.,
2009) and KAIT (Simon et al., 2007), respectively designated with open diamonds and open triangles
(see Chapter 3 for more details). The late Steward observations were subtracted using the HST
images. All observations are plotted alongside SN 1992A (dashed line), a normal Type Ia supernova,
which we use to compare our supernova behavior.
At early epochs, the light curve follows the normal template with good agreement. At the
2454908.5 observations (2009-03-18) at two full years past explosion, the magnitudes start to veer
off of the usual radioactive decay track. This observation is at a pivotal time in the nebular phase of
the supernova, where the light from the supernova has faded sufficiently enough to let the light echo
peer through. More observations need to be taken at this epoch in future supernovae monitoring
to study the ‘turning on’ of light echoes. The obvious flattening of the light curve compared to
“normal” at the tail end is attributed to the existence of a light echo. This strange characteristic
is featured in each filter, suggesting that an echo was captured in not only the HST images, but in
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the ground-based Steward Observatory late observations as well, thus giving further confirmation
to our results. Having access to both space and ground-based telescopes is a rare feat in itself,
but capturing the echo in both is exceptionally rare. The final B and R observations at 2455320.5
(2010-05-04) occur right after the Cepheid campaign and complete the light curve for all the optical
filters.
4.3.3 Full-Width Half-Maximum
The point spread function quantifies the response of a telescope to a point source, and larger
telescopes are able to resolve smaller objects, which reduces their PSF. The full-width half-maximum
(FWHM) demonstrates the nebulous nature of a source relative to stars in the field. This analysis
allows for the differentiation between an echo and a star. In an image, the profiles of stars follow
a Gaussian curve, and because objects in images do not possess sharp edges, the full-width half-
maximum must be used to estimate the width. The approximate size of a source can be determined
by the width across the Gaussian profile when the flux has dropped to half of the maximum value.
When a supernova explodes, the luminosity of the object rivals the luminosity of the host
galaxy and overwhelms all trace of objects behind the supernova. Once the supernova light diffuses
and enters the nebular phase, background stars being to come into view, and sometimes, a star or
galaxy is located directly behind the line of sight. A light echo could actually be confused with
a background star, and thus, a FWHM analysis must be undertaken to support the light echo
diagnosis. A star that happens to be photometrically consistent with a light echo (10 magnitudes
less than the supernova at peak) could fail this test, which is why multiple techniques must be used
to confirm a light echo detection. A broadened FWHM denotes the nebulous nature of the source,
and if that source is a proposed echo compared to local stars in the field, it means the object is not
simply a star located behind the explosion site that appeared after the supernova faded.
The proposed circumstellar echo needs to be extensively analyzed to rule out other possi-
bilities. The full-width half-maximum was determined using the radial profile tool (r mode, which
uses a radial profile Gaussian fit) in IMEXAMINE in IRAF. An example of the analysis of the inner
echo compared to local stars (LS) of similar counts in the field can be found in Table 4.8. This
analysis was completed on all of the images with the same trend in each. The average FWHM of
the local stars from all fields was 2.63 ± 0.4 pixels, and the average inner echo FWHM was 4.03 ±
0.3 pixels. Thus, the inner echo has a FWHM 1.53 times the local stars, illustrating the broadened
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Figure 4.11: Early- and late-time BV RI light curves of SN 2007af compared to normal SN Ia SN
1992A (dashed line). The light echo dominates at late-times. The HST images are labeled with black
diamonds (F555W) and red diamonds (F814W). Steward observations are shown by filled circles.
Early data comes from CfA3 (BV-open diamonds) and KAIT (BVRI-open triangles) (Hicken et al.,
2009; Simon et al., 2007).
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feature of the source. This technique definitively refutes the notion that the central component is
simply a background star that appeared once the supernova faded out of view. The broadening can
be interpreted as nebulosity caused by a light echo. This technique was performed by Wang et al.
(2008) on SN 2006X, and the broadening found from the echo was only 1.10 times the local stars.
Therefore, our inner echo was considerably more nebulous.
Table 4.8: Full-Width Half-Maximum of Inner Echo Compared to Local Stars







A broadened FWHM does not definitively prove the existence of an echo, but it does elimi-
nate the possibility of a star. On the other hand, a galaxy could also be hidden behind the supernova
and only emerge after the luminosity decline. Pre-explosion images do exist of NGC 5584 in the
HST archive, but the images are too poor of quality to make any distinction. However, the fact
that no source is evident in that precise location in the F160W image (see Figure 4.12) is a strong
argument against the existence of a background galaxy being the explanation of the inner echo.
In fact, the F160W image does not even resolve the outer echo. Supernova light does not emit a
significant portion in these wavelengths, so it is not an entirely surprising result.
The limiting magnitudes taken from the WFC3 Instrumental Handbook in one hour of the
filters on the WFC3 are shown in Table 4.9 (Dressel, 2012). The last column corresponds to the
limiting magnitude calculated using the images themselves. A region corresponding to the average
FWHM in an area absent of sources was located in each filter. The counts were estimated in the
region and converted to magnitude using the same technique as in Section 4.3.2. Clearly, the images
can show fainter objects than what is stated in the manual. From that information, if a source
exists at the location of the inner echo, it must be fainter than 26.6 mag. It is highly unlikely that a
background source exists in the exact site of the supernova that also just happens to be non reflective
or very faint in infrared wavelengths.
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Table 4.9: Limiting Magnitudes of WFC3





Figure 4.12: The comparison of the F160W image (on left) with the F350LP observation centered
on the same position, showing the complete void of any object at the locations of the light echoes.
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4.3.4 Circumstellar Component
The broadened nature of the inner echo compared to local stars and the lack of any evidence
of a background object at that exact location make a compelling argument for a circumstellar
component echo from SN 2007af. Type Ia supernovae emission being dominated by circumstellar
emission has only been detected for ∼1% of the population, and controversial claims of circumstellar
echoes have been made on only three SNe Ia: SN 1998bu, SN 2006X, and SN 2009ig. We propose
to add SN 2007af to this list.
Patat et al. (2007) used time-variance spectroscopy to detect circumstellar material around a
SN 2006X. The results showed variability in the Na I lines, but no change in the Ca II lines suggesting
the existence of circumstellar material. Interstellar material would cause a change in all of the lines.
The spectra was obtained at -2, +14, +61, and +121 days relative to B maximum with the UV
and Visual Echelle Spectrograph on the ESO 8.2-m Very Large Telescope. The conclusion was that
ionized circumstellar clouds from the SN radiation recombined and collisionally reionized by the SN
ejecta caused the variability seen, a breakthrough result for Type Ia supernovae. Mean velocities of
the CSM are measured to be ∼50 km s−1, which support the single-degenerate progenitor system
with a early or late red giant star companion. Similar features were discovered from SN 2007le
(Simon et al., 2009). High resolution spectroscopy from -5, +0, +10, +12, and +84 days relative
to B maximum captured with the HIRES on the Keck I-10m revealed the time variance in the Na
absorption lines, which were attributed to circumstellar material. A low-resolution spectroscopic
survey of 31 SNe Ia was conducted by Blondin et al. (2009) to search for this phenomenon, and
only SN 2006X and SN 1999cl showed variability. Interestingly, these were the most highly reddened
objects with unusually low ratio of total-to-selective extinction in the sample, suggesting that dusty
environments are responsible for the observed change.
Simon et al. (2007) published results on the same circumstellar material analysis on SN
2007af based on spectroscopic evidence. High-resolution spectra was taken at -4.3, +16.6, and
+23.7 days relative to maximum light in the case of SN 2007af. From this work, the line-of-sight
extinction was measured to be AV = 0.39 ± 0.06 mag with an extinction law of RV = 2.98 ± 0.33.
Na D absorption lines and the Hα emission line were extensively investigated for hints of variability
caused by circumstellar material. The results of the paper pointed to absorbing gas from interstellar
medium of NGC 5584, due to the lack of variation in the column density. However, the paper states
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that either that progenitor system is different than in the circumstellar case of SN 2006X or there
is a preferred line-of-sight to detect the spectroscopic variability. The CSM material just needs to
be 100 light days away from the SN for the lack of NaD variability to be explained. We argue that
the the circumstellar material creating our light echo possibly comes from behind the supernova,
and therefore, would not create the same line variance as seen in SN 2006X. This will be further
discussed in Chapter 5.
The possible detection of circumstellar material leads directly to the single-degenerate pro-
genitor system for SN 2007af. The CSM shows the donation of material to the accreting white dwarf,
which led to the explosion as a supernova. Unsuccessful attempts to detect circumstellar material
searching for radiation that would come about from the interaction of fast moving supernova ejecta
and slow moving CSM, which would give rise to narrow emission lines, radio and X-ray emission
(Patat et al., 2007). High-resolution spectroscopy and now, light echoes, could be used to detect cir-




Dust Analysis and Modeling
5.1 Dust Distance
As described in Section 2.1, analytical treatment of the phenomenon states that a dust sheet
intersecting the paraboloid of constant time creates a circular ring echo centered on the source solely
depending on the time delay (t) since peak light and the distance to the host galaxy (D). The
distance between the dust sheet and the supernova can be simply calculated using Equation 5.1,





The distance from the dust sheet to the supernova was calculated for each observation, and
the values can be found in Table 5.1. The recession velocity of NGC 5584 was reported to be 1638 km
s−1 (Simon et al., 2007). Compounding this knowledge with the Hubble constant, a distance may be
derived (D = v/Ho). Using the published Ho = 70.5 ± 1.3 km s−1 Mpc−1 from WMAP (Hinshaw
et al., 2009), the distance to the host galaxy is 23 Mpc. However, the distance with the most recent
results from Planck using Ho = 67.8 ± 0.77 km s−1 Mpc−1 is 24 Mpc (Planck Collaboration et al.,
2013). The distance to the dust sheet from the supernova was calculated using both values, D = 23
Mpc (d23) and D = 24 Mpc (d24). The average distance from the supernova to the dust sheet is 789
± 54 pc and 860 ± 58 pc, respectively.
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The inner echo is consistent with both a circumstellar and interstellar sheet and represent
the smallest and largest PSF allowed by the previous analysis. First, the IE dust distance was
calculated assuming a circumstellar sheet (dIE(pc)). Using the proposed solution of backscattered
light, a dust sheet located behind the supernova exists at a location determined entirely by the time
delay of the echo. The initial light from the supernova traveled outward, scattered off the dust sheet
behind the explosion, and returned back toward the observer. Therefore, simply taking half of the
time delay in the appropriate units gives the distance to the sheet. For January images, the time
delay was 2.83yr. 1.42yr/3.26ly/pc = 0.43 pc, which is the distance from the supernova to the sheet,
assuming this scenario. The average inner echo distance from the SN to the sheet is 0.45 ± 0.01 pc.
The results for the interstellar dust sheet scenario are listed in the last two columns using the same
labeling convention. The distance with this method for the IE results in at an average 21 ± 4.4 pc
with D = 23 Mpc and 23 ± 4.8 pc with D = 24 Mpc away.
Table 5.1: Dust Sheet Distances
Filter Date dOE23(pc) dOE24(pc) dIE(pc) dIE23(pc) dIE24(pc)
F350LP 2010-01-08 740 806 0.43 16.4 18.0
F555W 2010-01-08 740 806 0.43 16.4 18.0
F555W 2010-02-05 760 827 0.44 24.5 26.8
F350LP 2010-02-06 760 827 0.44 24.4 26.7
F814W 2010-02-06 760 828 0.44 15.8 17.4
F555W 2010-02-17 707 778 0.45 24.1 26.4
F350LP 2010-03-01 836 911 0.46 23.8 26.1
F555W 2010-03-01 836 911 0.46 23.8 26.1
F814W 2010-03-01 827 901 0.46 15.3 16.8
F350LP 2010-04-09 857 933 0.47 22.9 25.1
F555W 2010-04-09 857 933 0.47 27.5 30.1
The visual manifestation for the dust geometry for the January images using a distance to
NGC 5584 of 24 Mpc can be seen in Figure 5.1 for a circumstellar inner echo. Because the distance
from the supernova to Earth is much larger than the distance between the supernova and the dust,
we can approximate the geometry of the phenomenon with the shape of a paraboloid. The supernova
is located at the focus point of the paraboloid, and the echo rings are created from constant time
delay (think of looking into a cup). The orange shaded region shows the intersection of the dust
sheet with the paraboloid, and rotating that around 180 degrees creates the outer echo ring with SN
2007af at the center. The blue shaded region is the angular diameter of the inner echo. Figure 5.2
shows the same image, but with an interstellar dust sheet producing the inner echo.
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Figure 5.1: The geometry of the dust that produced the inner (blue) echo in the background dust
sheet case and outer light echo (orange) of SN 2007af (not to scale). This figure focuses on the
January epoch of the light echo, when θIE = 0.11
′′, and θOE = 0.32
′′. From this data, the outer
echo was created from a dust sheet 800pc away from the SN, and the inner echo’s dust sheet was
located 0.43 pc behind the supernova (shown in yellow).
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Figure 5.2: The geometry of the dust that produced the inner (blue) and outer light echo (orange)
of SN 2007af (not to scale). This figure focuses on the January epoch of the light echo, when θIE =
0.09′′, and θOE = 0.32
′′. From this data, the outer echo was created from a dust sheet 800pc away




SN 2007af peaked on 2007 March 14.76 ± 0.12d (Julian Date = 2454174.26) (Simon et al.,
2007). In the Patat (2005) model, the initial light curve is treated as a flash. The signal received by
the observer at a later time t is a sum of photons from the supernova in the whole range of time from
0 – t. The global flux the observer measures is the echo flux combined with the photons that reach
the observer on the direct path from the supernova, which is extinction corrected. The light echo
flux in a particular passband is given by F = LonoCext∆tSNe
−τeff G(t), where Lo is the supernova
signal, no is the number density of scattering particles, and the cross-section of the dust grains, Cext.
The flash duration is ∆tSN , τeff is the weighted optical depth for the LE at a given time, and G(t)
is a wavelength- and time-dependent function related to the dust geometry and properties.
The color of an echo can be estimated using the single scattering approximation with at-
tenuation model (Equation 5.2) taken from Patat (2005). Usually, the color term in astronomy is
associated with (B – V), but since the Cepheid campaign did not include a blue filter, the equation
was rewritten in terms of (V – I). The model includes the dereddened color of SN 2007af at max-
imum, (V – I)omax, and the cross-section of the dust grains, albedo (w), and flash duration of the
supernova in the appropriate filters. The flash durations (which can be found in Table 5.3) were
estimated from the light curve of SN 2007af and refer to the width of the light curve at maximum
which contributes to the echo brightness.






The different dust parameters taken from Draine (2003) are listed in Table 5.2, where the
first column is the scattering cross section for forward scattering (θ = 0◦), and the secondary values
are for backward scattering (θ = 180◦). The Cscat values are the Cext, where albedo has already
been accounted for. The parameter corresponds to the differential scattering cross section per H
nucleon, which determines the scattering properties of a particular dust mixture. This analysis uses a
wavelength of 5470Å for V and 8020Å for I, which are the closest available values to the HST filters.
The albedo values in the table are included to simply show the albedo wavelength dependence for
the different dust types. The full extinction curves showing the dependence of differential scattering
cross-section on scattering angle are in Figure 5.3.
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Table 5.2: Dust Parameters
Dust Type Filter Cscat(cm
2 H−1) Cscat(cm
2 H−1) w
MW RV = 3.1 V 1.68E-22 7.30E-24 0.674
MW RV = 3.1 I 6.27E-23 5.88E-24 0.656
LMC RV = 2.6 V 5.32E-23 1.51E-24 0.766
LMC RV = 2.6 I 1.96E-23 1.10E-24 0.767
SMC Bar RV = 2.9 V 2.38E-23 9.81E-25 0.748
SMC Bar RV = 2.9 I 8.85E-24 6.39E-25 0.695
Dust not only dims starlight, but also ‘reddens’ it. This is accomplished by scattering
photons out of the line of sight between the source and Earth. Dust preferentially scatters bluer
photons and also absorbs photons, which converts their energy into heat. The amount of extinction
in a band (Aλ) and reddening or color excess, E(B – V), along a line of sight depends on the density
of the dust in its path. The albedo used in our calculations was around 0.7, which was found
from observations of reflection nebulae compared to model nebulae using different dust scattering
properties and determining the albedo with radiative transfer models (Draine, 2003). Reflection
nebulae are areas of bright stars surrounded by dense gas clouds, where light scattering by dust
can be directly observed. The albedo refers to the fraction of extinction caused by scattering, so
that value means scattering dominates the interaction between photons and dust particles at these
wavelengths. The scattering phase function can be approximated by the Henyey-Greenstein function.
Dust grains are not expected to isotropically scatter light from an echo. More light will be scattered
through small angles, which is why forward scattering is the preferable route.
Table 5.3: Flash Durations
Filter λ(Å) ∆tSN (yr)
V 5500 0.082
I 8140 0.110
Table 5.4: Color Values
Epoch V (mag) I (mag) (V – I)o (mag)
Maximum 13.199 ± 0.03 13.350 ± 0.03 -0.351 ± 0.04
Outer Echo 24.164 ± 0.05 25.129 ± 0.10 -1.067 ± 0.11
Inner Echo 24.693 ± 0.10 27.168 ± 0.20 -2.844 ± 0.22
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Figure 5.3: dσ/dΩ for various wavelengths and dust types as a function of scattering angle θ taken
from Draine (2003) .
67
Extinction is caused by both absorption and scattering of dust, which dims the light from
a distant source in space. Because dust scatters light best at wavelengths comparable to the size of
the grains, the dust size distribution can be constrained by the extinction curve. Using the values
from Table 5.3, 5.2, and 5.4, the echo color can be estimated and compared with the actual values
(Table 5.4). The peak magnitudes were taken from Hicken et al. (2009). Note, only the (V – I)
value for maximum has been dereddened using AV = 0.39 mag and AI = 0.19 mag. The inner
and outer echo colors were calculated from the averages in each band. The results of the Patat
(2005) model color for forward and backward scattering calculations are in Table 5.5. Clearly, the
backward scattering values, which was the proposed solution to explain the extreme blueness in the
inner echo color, do not match the actual color observed. On the other hand, the forward scattering
replicates the outer echo colors well. Because the uncertainty in the angular radii values results in
an uncertainty in the magnitudes, a distinction can not be made as to which dust fits the color best.
Higher RV values match the observed echo color for forward scattering better, but as can be seen
from the results, the difference between the dust types is not large.
Table 5.5: V – I Dust Color Calculation
Dust Type θ = 0◦ θ = 180◦
MW RV = 3.1 -1.102 -0.267
LMC RV = 2.6 -1.116 -0.376
SMC Bar RV = 2.9 -1.106 -0.497
Another method utilized to estimate the dust color was to divide the light curve of SN 2007af




(Patat, 2005). A 45 day region encompassing before, during, and after peak was selected, and the
light curve was cut into 5 day divisions. Since peak light is scattered to produce the light echo, the
entire region around peak must be considered for the calculation. The area under the curve for each
slice was calculated using the trapezoid rule (
∫ b
a
f(x) dx ≈ (b− a) f(a)+f(b)2 ), and the results from
this calculation are in Table 5.6. Equation 5.3 estimates the light echo color by summing the same
cross-sections as before (Table 5.2), the area under the curve for each filter (L) at the time t′, and
the angular radii at the shifted time (t− t′). The angular radii needed to be shifted to eliminate the
possibility of negative values at a time before peak light. The echo area contribution to the formula
is the angular radii multiplied by the thickness of the echo. Since the thickness is constant in both
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filters, this term drops out. The results, which show the same backward scattering trend as the first
method, are shown in Table 5.7. Here, all the dust type values are well within the uncertainty in
the color for the outer echo explanation, and the RV = 2.6 result replicated the forward scattering
color exactly. Again, due to the closeness of the calculation values, and the high uncertainties in the
magnitude, a distinction between dust types is still hard to justify.








Table 5.6: Light Curve Area
JD Region - 2400000 (days) V(mag days) I(mag days)
54165 - 54170 68.4 69.8
54170 - 54175 66.4 68.7
54175 - 54180 66.4 69.4
54180 - 54185 67.1 70.9
54185 - 54190 68.4 71.9
54190 - 54195 70.0 71.9
54195 - 54200 71.4 71.6
54200 - 54205 72.9 71.9
54205 - 54210 74.6 73.2
Table 5.7: V – I Dust Color Calculation using Light Curve
Dust Type θ = 0◦ θ = 180◦
MW RV = 3.1 -1.045 -0.213
LMC RV = 2.6 -1.063 -0.322
SMC Bar RV = 2.9 -1.050 -0.326
Recently, lower RV values have been argued for Type Ia supernovae to best explain SNe light
curves. Scattered light (which causes echoes) tends to reduce the ratio of total-to-selective extinction
in the optical (Wang, 2005). They find the ratio is significantly lower at longer wavelengths than
300nm. Abnormal dust has already been cited for adopting a lower RV value in the case of SN
2006X. Wang et al. (2008) reported the value of RV = 1.48 ± 0.06. Goobar (2008) published
simulations that yielded values from RV = 1.5 – 2.5, on the basis that lower values originate from
the semi-diffusive propagation of the photons near the location of the supernova explosion. 80 Type
Ia supernovae were observed with E(B – V) ≤ 0.7 mag. From this study, an average reddening law
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of RV = 1.75 ± 0.27 was derived. Focusing on the 69 supernovae with color excess, E(B – V) < 0.25
mag, produced a total-to-selective ratio value of RV ∼ 1, signifying the reddening in SNe Ia may be
more complex than previously thought (Nobili and Goobar, 2008). It is interesting to note that the
reddening of SN 2007af fits well under both limits, which could explain the difference between the
actual color measured and the prediction using higher RV values.
5.3 Modeling
The growth of the outer echo was shown in Section 4.3.1, and Equation 5.1 can be used to
predict the size of the echo at a later time. Therefore, the monthly growth of the outer echo can be
compared with what is predicted from the geometry. Using the average distance from the supernova
to the sheet, the angular radius can be calculated by Equation 5.4. The results are in Table 5.8.
θ23 was calculated using the same convention (D = 23 Mpc). Because the echoes are virtually the
same size in each filter, the prediction for different months were used for each filter, so they could be
plotted. The actual angular sizes are plotted against the prediction by models for the extremes in
the dust distances for each host galaxy distance assumption (Figure 5.4 and Figure 5.5). The close
agreement (well within the error bars) between the predicted and actual angular radii supports the
evidence of a light echo discovery. The trend of dust sheet distance increasing with growing time











F350LP 0.35 0.35 0.36
F555W 0.34 0.34 0.33
F814W 0.34 0.34 0.35
Patat (2005) proposed that light echo luminosity is inversely proportional to supernova-dust
distance (in ly) and directly proportional to the optical depth. The peak-to-echo magnitude (∆m)
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Figure 5.4: The April F350LP, March F814W, and February F555W angular radii plotted versus the
prediction given by the extremes in the dust sheet distance, assuming a distance to the supernova
of 23 Mpc.
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Figure 5.5: The April F350LP, March F814W, and February F555W angular radii plotted versus the
prediction given by the extremes in the dust sheet distance, assuming a distance to the supernova
of 24 Mpc.
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relationship in the single scattering approximation is shown in Equation 5.5. Using this formula,
the optical depth (τ) can be calculated (where peak magnitude has been extinction corrected), and
the results are listed in Table 5.9. The extinction correction was performed using ratios of total-
to-selective extinction of RV = 3.0 ± 0.1 and RI = 1.48 ± 0.1, typical values for echo models.
The optical depth was calculated using the average sheet distance obtained from both the 23 and
24 Mpc cases, and the circumstellar scenario distance for the inner echo (using the same labeling
convention). From the large dispersion in the values, it is clear that the dust sheet for the inner echo
must be quite thin, and the outer echo dust sheet is the dominant contribution to the extinction.
Because of the low optical depth, SN 2007af fits a single scattering approximation. The multiple
scattering approximation to ∆m is given in Equation 5.6 and follows an exponential decay.
∆m ≈ −2.5log(0.3τ
d
) (0<τ ≤ 1) (5.5)
∆m ≈ −2.5log(0.3
d
e−τ ) (τ >1) (5.6)
Table 5.9: Optical Depth of Dust
Filter τ23 τd24 τ circ
VOE 0.23 0.25 ...
VIE 3.9E-3 4.3E-3 8.5E-5
IOE 0.12 0.13 ...
IIE 4.0E-4 4.4E-4 8.5E-6
A relation between E(B - V) and ∆m can be determined, rearranging using τ = AV /2.5loge
and RV = AV /E(B – V). Table 5.10 lists the values for various Type Ia supernovae light echo candi-
dates and how they compare to SN 2007af (using RV = 2.55 to correct the change in magnitudes).
A lower RV was adopted after the analysis in Section 5.2. The combined magnitude for SN 2007af
was used for this analysis. The first three rows were taken from Quinn et al. (2006), SN 2006X
values were reported in Wang et al. (2008), the SN 2009ig numbers are unpublished results from
Peter Garnavich. E(B – V) for SN 2007af comes from Simon et al. (2007). Interestingly, SN 1991T
73
and SN 2007af have similar reddening and change in magnitudes, even though the former was an
overluminous supernova and the latter, a normal SN Ia. The values are plotted in Figure 5.6, show-
ing the agreement with most of the supernovae and the Patat (2005) model for single and multiple
scattering. The only outlier is SN 2009ig, which warrants further investigation. For low optical depth
values (τ ≤1.0), the light echo phenomenon is well described by single scattering. Auto-absorption
and attenuation becomes significant for τ > 1.0, and multiple scattering must be considered.
Table 5.10: SN Ia Light Echo Comparisons
Supernova E(B – V)(mag) ∆V(mag)
SN 1991T 0.14 ± 0.05 10.73 ± 0.28
SN 1998bu 0.33 ± 0.03 10.24 ± 0.22
SN 1995E 0.74 ± 0.03 10.37 ± 0.22
SN 2006X 1.42 ± 0.04 10.13 ± 0.20
SN 2009ig 0.03 ± 0.03 11.57 ± 0.07
SN 2007af 0.13 ± 0.03 10.88 ± 0.11
Figure 5.6: The change in corrected peak to echo magnitude compared to the Patat (2005) model
for single and multiple scattering using a distance to the dust sheet of 800 pc and RV = 2.55. SN
2007af lies directly adjacent to SN 1991T.
SN 2007af featured a lower E(B – V) at peak than average SN Ia. The fact that half the
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sample of Type Ia supernovae found with light echoes have low extinction values is astounding. Other
than the abnormal SN 1991T, the other two showed nothing in their peak behavior to even suggest
the possibility of an echo at late epochs. The production of a light echo from such environments needs
to be further explored. These fortuitous discoveries from seemingly normal supernovae reinforces
the difficulty of searching for light echoes in SNe Ia.
The comparison of SN 2007af with other Type Ia supernovae light echoes is not an easy
task due to the complexity of having the two separate components. Only SN 1998bu had the same
feature, and the inner echo was also proposed to have been caused by dust from the circumstellar
environment. Unfortunately, that echo and all the other SNe Ia candidates were not captured with
the I filter, so it is difficult to make a color comparison. SN 2006X was the best comparable case,
since it was observed in the F775W filter with HST . Wang et al. (2008) states, “The SN 2006X echo
emission shows a prominent wavelength dependence, with more light from the shorter wavelengths,
suggestive of smaller-size dust around SN 2006X.” This is a pattern observed in SN 2007af. Because
shorter wavelengths are more efficiently scattered, this is not a surprising result. Since the time
delay and distance to the supernovae are widely different for all the SNe Ia candidates, it is difficult




We present the two-component light echo discovery from SN 2007af in NGC 5584. This
detection adds to only a select few cases observed from Type Ia supernovae. The detection occurs
three years after explosion in sequenced images from Hubble Space Telescope. Out of the four filters
utilized in the Cepheid campaign from HST Proposal 11570: P.I. A. Riess, three show the ring-
like structure of an outer echo and central component. The January – April, 2010 images show
the unmistakable growth of the outer echo. Ground-based observations taken at the same epoch
also show the same uncharacteristic late brightness of the normal SN Ia, which is attributed to the
presence of a light echo.
The elliptical annulus region shape in ds9 was used to determine the inner and outer angular
radii for the echoes and showed that both were centered on the same position, consistent with the
location of the supernova explosion site. Since the inner echo exhibited an extended profile, the point
spread function needed to be subtracted by finding the average PSF of field stars, which resulted
in a smaller intrinsic angular radius. The counts were summed in the elliptical annulus regions
around the echoes, and combining these results with the HST image information for each filter, a
magnitude was calculated. The light curve of SN 2007af shows the characteristic extended tail of a
light echo at late epochs. The echo was also fortuitously captured with ground-based telescopes at
late-times. Our observations show a ‘turn off’ point from the usual decay in the light curve, where
the LE magnitude begins to outshine the fading supernova.
Using the change in the extinction-corrected peak magnitude and echo magnitude, the
optical depth of the dust was estimated, showing the optically thin nature of both dust sheets. The
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total change in magnitude (∼10.8 mag in V ) was consistent with typical dust densities. By using the
Patat (2005) model, the good agreement between Type Ia supernovae light echoes was magnified.
SN 2007af fit the single scattering approximation of this model quite well. The echo from SN 2007af
was remarkably similar to the light echo detected from SN 1991T.
The outer echo F555W magnitude was found to be ∼24.2 mag, and the F814W magnitude
was ∼25.1 mag. The distance to the dust sheet from the supernova that produced the light echo
was 789 ± 54 pc using a distance to the host galaxy of 23 Mpc and 860 ± 58pc using D = 24
Mpc. The dust color was consistent with galactic dust with both techniques used, but lower RV
values replicated the blueness of the echo better, especially with the results of the first calculation.
Lower RV values have been reported with other Type Ia supernovae light echo dust analysis as well.
This result warrants the continued exploration and explanation of light echo dust. The growth of
the outer echo seen in the filters matched the predicted growth well within the error bars. The
significantly higher optical depth of the outer echo than the inner echo showed the dominance of the
outer echo dust sheet on scattering and extinction of the supernova.
The inner echo was extremely interesting because it could possibly have been produced from
circumstellar material, which is a rare and controversial result. Even though the Simon et al. (2007)
publication saw no significant evidence of circumstellar material using high- and low- resolution
spectroscopy, they do conclude that there could be a preferred geometry for observing the time-
variance in spectral lines. The FWHM of the inner echo was 1.53 times broader than the field stars,
illustrating the nebulous nature of the central component and confirming the central component
was not a star at the location of the supernova. No source was also found in the F160W image,
suggesting that it is, in fact, a secondary echo. The inner echo magnitude in the F555W filter was
∼24.7 mag, and ∼27.2 mag in F814W. The supernova to dust distance was an estimated 21 ± 4.4
pc using a distance to the host galaxy of 23 Mpc and 23 ± 4.8pc using D = 24 Mpc for the case that
the dust sheet was located in front of the supernova. For a circumstellar dust sheet located directly
behind the supernova, a distance of 0.45 ± 0.01pc was calculated. The extreme blueness of the color
was not able to be matched in either the backward or forward scattering models, suggesting that




Throughout our investigation, we could not definitively identify the source of the inner echo.
Analyzing the dust color returned unreplicable results for the inner echo scenario that warrants more
attention. New techniques need to be developed to discern between interstellar and circumstellar
dust. Different geometries (i.e. dust shell) and lower RV values will be explored to explain the
extreme blueness of the central echo color observed.
Adam Riess has another Cepheid campaign this summer using HST, and the host galaxy of
SN 2009ig has been added to the list of targets for the observational run. We will have early access
to these images to continue our work and analysis on the evolving light echoes. A first look at an
image of SN 2009ig from this campaign confirmed the existence of a light echo. We will further our
investigation into both light echoes once we receive the images. A joint collaboration between our
team and Peter Garnavich will soon publish the initial results on the light echoes from SN 2007af and
SN 2009ig. I will also take over the reduction and analysis of late-epoch Large Binocular Telescope
and Spitzer images of SN 2009ig.
6.1.2 New Light Echo Candidates
SN 2011fe, the brightest and most widely-studied Type Ia supernova in 40 years, exploded
in the Whirlpool galaxy (∼6.2 Mpc) and reached a peak magnitude of 9.9. Not only did the
supernova explode sufficiently close to Earth to allow for prolonged observations to much later
epochs than previously studied, the supernova was also detected mere hours after explosion. This
unique opportunity will allow for the most complete coverage and thorough analysis of a supernova
in recent decades. Even though very little extinction was detected for this supernova, which suggests
an environment not conducive for the creation of a LE, equally unlikely cases have produced echoes
(i.e. SN 2009ig). SN 2011fe was spectroscopically and photometrically classified ‘normal’, but the
ability to explore the supernova to extremely late epochs make it a worthy light echo test case. We
will be observing this object with the Mayall-4m at Kitt Peak National Observatory at an epoch
of 850 days past maximum. Because of the bright peak magnitude of the supernova, and the late-
epoch in which we will be observing this target with a 4m-class telescope, we will have an excellent
opportunity to detect a light echo, if it exists.
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The brightest supernova in 2012, SN 2012cg, was odd from the beginning. The supernova
peaked at 11.9 and was slightly overluminous, exhibiting a slow decline rate, low expansion velocity,
and narrower than average B band light curve. This supernova suffered high dust extinction, which
makes it a great candidate for a light echo. We propose to observe this supernova with the Mayall-
4m at 600 days to capture a signature of a light echo. Preliminary spectra taken at 300 days past
maximum show a combination of nebular and continuous emission, which is consistent with other
light echo detections.
SN 2009dc, a peculiar overlumious SN Ia, exhibited a slower decline than usual (∆m15 =
0.65 ± 0.03). The rise time was estimated to be between 22 – 30 days, which differs widely from the
canonical rise time of 17 – 20 days. The bluer bands showed a larger fading than predicted at ∼200
days, which could be due to dust. This supernova showed a strange color evolution, and because of
the deviation from normal, a reddening estimate was difficult to obtain (Taubenberger et al., 2011).
This case makes an excellent light echo candidate because of the complete observational data in
UBV RIJHK and its peculiar nature at peak and subsequent epochs. Initial investigation by Peter
Garnavich hinted at the possibility of a light echo, and further analysis will be conducted to confirm
the detection.
As is evident from the list of new candidates, the future work will feature different Type
Ia supernovae subgroups. Most of the information known from SNe Ia light echoes has come from
‘normal’ supernovae, and we must explore all options to optimize our understanding. Because of
our routine monitoring of various supernovae to late epochs, we have unprecedented access to light
echo candidates, and the list is of worthy targets is constantly evolving. Our continued analysis of
these targets is vital in discovering new light echoes and furthering our knowledge.
6.1.3 Telescope Proposal
We were recently awarded time on the Mayall-4m at Kitt Peak for the 2013B semester.
This is the first telescope proposal that has been submitted and accepted where I am the principal
investigator. We were granted 3 half nights to take optical images of our targets with MOSAIC
followed by 3 half nights for NIR images with FLAMINGOS from January 20 – 25, 2014. We will be
focusing this UBV RIJHK run on our continued monitoring of normal Type Ia SN 2012ht and the
late-epoch observations of SN 2011fe and SN 2012cg. Both of the late-epoch targets are of particular
interest due to their bright nature at peak, and they are at critical moments in their evolution (over
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600 days past maximum) where a light echo could be detected above the faded supernova. Also,
their bright nature at peak ensure that if a light echo has been produced, the telescope will be able
to capture the phenomenon.
6.1.4 Projects and Key Questions
A worthwhile future project with already proven results is conducting a HST archival search
for new light echo candidates. Peter Garnavich had a student perform this task in the past, and
they serendipitously discovered the light echo from SN 1995E. None of his students have worked on
this project since 2002, so there could possibly be hidden light echoes sitting in the archive awaiting
discovery from a diligent survey of the data. Most of the light echoes discovered from Type Ia
supernovae have been discovered by chance in late-time observations taken with HST , and because
all images taken with the telescope are archived to the public, this task could be extremely rewarding.
The high caliber telescope affords the ability to search for echoes in supernovae observations taken
at much later epochs than from ground-based archives.
An interesting project idea arose from studying our growing database of information. Using
our knowledge of light curves, could we predict the light echo rate for Type Ia supernovae? Since not
many supernovae are observed to the late epochs that are necessary for capturing a light echo, we
could only estimate how common light echoes are and what that means for SNe Ia. Are they really
as rare as previously thought or is the detection rate a bias created from not tracking supernovae to
long enough epochs? While most systematic surveys to find light echoes have failed, what has been
the primary cause? Predicting a light echo from early observations is an avenue to pursue, especially
with our access to quality telescopes.
A main point of the future work will be to model the evolution of a light echo with time. This
will be completed by studying light echo light curves and analyzing the transition from supernova
to light echo. When do echoes ‘turn on’? Our late-time observations have been fueled by desire to
study the NIR plateau from 300 – 500 days. This is also the time when most Type Ia supernovae
start deviating from the normal decay. By adding a LE to standard SNe Ia light curves, we can
attempt to fit the transition of a light echo. A key question we want to explore is why do light
echoes fade? When do they fade? We will try to predict the fading of a light echo and discuss how a
light curve of a Type Ia supernova with a light echo will look at thousands of days past maximum.
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